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Abstract
Pristine mountain environments are more sensitive to climate change than other land 
surfaces. The understanding of climatic variations in mountainous terrain is still uncertain. 
Previous studies reveal inconsistent findings on the elevational dependency of warming in 
the mountains. In this study, the trends and elevational dependence of climatic variables in 
the Cariboo Mountains Region (CMR) of British Columbia are explored. A high resolution 
10 km x 10 km gridded data set of climate variables over the period of 1950-2010 is used. 
The Mann-Kendall test is performed for evaluation of trends and their significance. The 
CMR is warming at a faster rate in recent decades than regional and global warming. The 
minimum air temperature trend shows significant amplified warming at higher elevations. 
Precipitation does not show any significant trend across the study area. The possible physical 
mechanisms for such wanning trends and the potential impacts of these changes on the 
endangered mountain caribou and water resources of the area are discussed.
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1. Introduction
1.1 Overview
Mountain regions are often pristine environments that play a vital role in the 
sustainable functioning of the earth system. It is generally accepted that mountainous regions 
are more sensitive to global scale climate change than other land surfaces at the same latitude 
(Barry, 2008; Beniston, Diaz, & Bradley, 1997; Beniston, 2003; Rangwala & Miller, 2012). 
There are limited studies that examine how higher elevation regions are warming compared 
to lower elevations. Those studies that analyze the elevational dependence of climate change 
do not necessarily show consistent findings (Rangwala & Miller, 2012). Thus, there is a need 
to further explore how climate variables are interrelated and change with time, space, and 
elevation in mountainous regions. Information on how the leeward/windward aspects of 
mountains influence the climate variables will help to better understand their complex 
environment. The mechanisms that drive enhanced warming in the mountains and change in 
orographic precipitation will improve knowledge of mountain climate and its role in the 
environment as a whole. Furthermore, development of the altitudinal profiles of climate 
parameters for mountainous terrain will lead to a better understanding of the mountain 
climate and environment in an integrated approach.
Mountains cover about 25% of the earth’s land surface and have substantial 
environmental and social significance; they are important sources of natural resources such 
as: freshwater, biodiversity and an essential part of the global ecosystem (Barry, 2008, 2012; 
Beniston, 2003). However, mountains are experiencing the compounding impacts of climate 
change more than any other land surfaces (Beniston, 2003). Paucity of observation-based 
data in mountainous regions, the model limitations to capture the complex mountain
topography, and high uncertainties on model outputs make the understanding of climate 
variations and trends in these regions uncertain (Bradley, Keimig, & Diaz, 2004; Luce, 
Abatzoglou, & Holden, 2013; Rangwala & Miller, 2012; Q. Wang, Fan, & Wang, 2013). In 
this context, it is important to investigate how the principal climate variables such as air 
temperature and precipitation differ with elevation in mountains.
To further understand this complex interaction between the mountains and climate 
variables, the Cariboo Mountains Region (CMR) of northern British Columbia (BC) is 
selected as a study site. This study incorporates historical daily climatological measurements 
interpolated spatially from observed data from different data generating agencies such as 
Environment Canada. Furthermore, hydrometeorological data collected at the Cariboo Alpine 
Mesonet (CAMnet) sites are used to compare with interpolated data in the CMR of northern 
BC. A longitudinal and elevational profile of air temperature and precipitation of the CMR is 
developed. Spatial variation of the CMR is of special interest because the mountains are 
oriented approximately Northwest (NW)-Southeast (SE) with prevailing upper winds from 
the west that make spatial variations prominent in the region.
Windward/leeward effects and the scales at which these processes operate are 
explored by contrasting the meteorological conditions on the eastern and western slopes of 
the mountains. Long-term time series of climate data are analyzed to observe the temporal 
and spatial patterns of climate variability and trends over the region. Elevational dependency 
on the historical climate data is analyzed. The mechanisms responsible for trends of climate 
variables at different elevations are explored and analyzed. The potential consequences of 
such changes over the local ecological and hydrological processes in the region are 
discussed.
1.2 Background
This section describes climate change and discusses the studies that explore its relation to 
mountains. Furthermore, different physical processes responsible for differences in mountain 
climate are discussed. Many contributions to the literature show enhanced warming in the 
higher elevation regions. This study looks at the case of the CMR, a typical mountain range 
of northwestern North America with limited climate studies, and explores how different 
physical phenomena have acted to cause hydroclimatological variations in the region.
1.2.1 Climate change and mountains
It is generally accepted that the earth is warming at a faster rate in recent decades than 
any time during the past thousands of years. The 5th assessment report of the 
Intergovernmental Panel on Climate Change (IPCC, 2013) states that “ warming o f  the 
climate system is unequivocal and since the 1950s, many o f  the observed changes are 
unprecedented over decades to millennia, the atmosphere and ocean have warmed".
Observed globally averaged combined land and ocean 
surface tem perature anomaly 1850—2012
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Figure l : Global air temperature trend and decadal average as given in IPCC working group I AR5 
report (IPCC, 2013). The y-axis represents the temperature anomaly (°C) relative to 1961-1990.
Figure l shows the global air temperature trend and decadal averages from 1850 to 
2010 as given in the IPCC AR5 report. Globally-averaged land and ocean combined 
temperatures show a warming trend of 0.72 [0.49 to 0.89]°C over the period 1951-2012 
(Stocker et al., 2013). Recent decades, especially after the 1990s, are consecutively warmer 
than previous decades globally. The compounding impacts of such warming in different 
components of the earth system are already observed and projected to intensify.
Mountain climate is still not well understood, although there are many recent 
advances in several areas of research in mountain climatology (Barry, 2012). Elevation, 
latitude, continentality, topography, and wind are the major controlling factors of the 
mountain climate. How atmospheric climate variables, namely surface air temperature and
precipitation are influenced by these controlling factors is still uncertain (Barry, 2008, 2012; 
Beniston & Fox, 1995). The relation of climate variables among each other and how they are 
influenced by elevation, slope, and aspect of the mountains is still not entirely clear (Pepin & 
Lundquist, 2008; T. Zhang, Osterkamp, & Stamnes, 1996). In this context, the CMR is 
selected as a study area to better understand the influence of major controls of mountains on 
climate variables. In particular, there are few studies on the climatology of the Cariboo 
Mountains of BC. An exception includes Burford, Dery, & Holmes (2009) who analyze the 
long term hydroclimatology of the Quesnel River Basin (QRB). They find an increasing 
mean minimum air temperature trend, an earlier spring freshet, and increasing river runoff in 
the QRB. Most of the climate studies and information available for the Cariboo Mountains 
are supplementary to other studies such as those on the ecology or cryosphere of the area. 
These studies cover either a wide range of mountains of that region or relatively small 
specific areas such as particular glaciers (Beedle, 2014; Burford et al., 2009; Davis & Reed, 
2013; Dery, Clifton, MacLeod, & Beedle, 2010; Eyles, 1995; Hageli & McClung, 2003; 
Maurer et al., 2012; Tong, Dery, & Jackson, 2009a).
Mountains are an important area of climate research not only because of their 
presence, but also because they are not much disturbed by human influence and are a good 
indicator of the state of the planet with regards to global warming (Barry, 2012; Pepin & 
Lundquist, 2008; Whiteman, 2000). Environmental behaviour and rapidly changing 
biodiversity and hydrology along with the changing elevation in the short horizontal span of 
mountains can be better understood with mountain climate studies (Beniston, 2003; 
Whiteman, 2000). Detailed studies of the changes of climatic variables in the pristine
mountain environments remain limited despite their direct and indirect importance (Bradley 
et al., 2004).
The global surface air temperature has been rising over the past century and it is 
expected that there will be amplified warming in mountainous regions. The extent of the 
impacts of these changes is highly uncertain (Rangwala & Miller, 2012). Most of the climate 
downscaling approaches do not capture details of the complex mountain topography, 
increasing the uncertainties of their projections (Bradley et al., 2004). There are studies that 
show variations in the warming trend with elevation (Rangwala & Miller, 2012). Some 
studies show the elevation dependency of surface warming with greater warming rates at 
higher altitudes (Bradley et al., 2004; Ceppi, Scherrer, Fischer, & Appenzeller, 2012; Daly et 
al., 2008; Dong, Huang, Qu, Tao, & Fan, 2014; Ghatak, Sinsky, & Miller, 2014; Liu, Cheng, 
Yan, & Yin, 2009; Pepin & Lundquist, 2008; Rangwala, Miller, & Xu, 2009; Rangwala, 
Sinsky, & Miller, 2013; Williams, Losleben, Caine, & Greenland, 1996); however, there are 
other studies where either no elevation dependent warming is observed (Ceppi et al., 2012; 
Pepin & Lundquist, 2008; Vuille, Bradley, Werner, & Keiming, 2003; Vuille & Bradley, 
2000; You et al., 2010) or even decreasing air temperature trends with elevation are reported 
(Beniston & Rebetez, 1996; Ceppi et al., 2012; Lu, Kang, Li, & Theakstone, 2010; Vuille & 
Bradley, 2000).
Some of the studies that compare mountain air temperature trends with global air 
temperature trends find that mountains are warming faster than low-lying areas. In addition, 
mountain air temperature trends are higher than the same latitude Northern Hemisphere air 
temperature trends (Beniston et al., 1997; Liu & Chen, 2000). The Southern Hemisphere 
mountain regions’ air temperature trends are also higher than the trends in low lying areas
(Urrutia & Vuille, 2009; Vuille et al., 2008). However, differences in spatial scales and the 
paucity of climate stations in mountain regions make comparison of climate trends among 
different land surfaces with mountains difficult. Pepin & Lundquist (2008) used 
comprehensive, homogeneity-adjusted air temperature records from over 1000 high elevation 
stations across the globe to analyze air temperature trends at high elevations. They could not 
find a global relationship between elevation and warming rates. However, they find that 
mountains show more spatially consistent air temperature trends. Furthermore, they argue 
that high mountains are representative indicators of the status of global warming on the earth.
An annual mean air temperature analysis shows significant altitudinal amplification 
of warming trends compared to low-lying areas globally (Q. Wang et al., 2013). The surface 
mean temperature lapse rate has decreased at a rate of about 0.2°C km'1 over the last 50 years 
(Q. Wang et al., 2013). This indicates that higher elevations have experienced more warming 
compared to lower elevations, i.e. the air temperature decreases less rapidly with height than 
previously. A strong positive correlation, especially in the minimum air temperature and 
increasing elevation, is observed in the winter months on the Tibetan Plateau using the 
Coupled Model Intercomparison Project Phase 5 (CMIP5) by Rangwala et al. (2013).
Fyfe & Flato (1999) using the Coupled Climate Model (CCM) showed that there is 
an elevation dependency in surface climate change in the winter and spring seasons in the 
Rocky Mountains. Increased air temperatures with increasing elevation is observed along the 
American Cordillera (Alaska to Chile) through the analysis of seven General Circulation 
Models (GCMs) with simulations at 2 x CO2 levels (Bradley et al., 2004). Based on limited 
available observational data, Beniston et al. (1997) find higher increases in daily minimum 
air temperature at higher altitudes, especially in Europe and Asia.
Using long term observed data along a 2077 m elevational transect in the Rocky 
Mountain Front Range of Colorado, USA, McGuire et al. (2012) showed that warming 
signals are strongest at mid-elevations over the long-term (56 years) and short-term (20 
years) temporal scales. Based on observational data, Rangwala, Miller, & Xu (2009) found 
that the Tibetan Plateau high elevation regions are warming at a greater rate than the low 
lying regions. Further, they suggested that a continuous warming of the atmosphere caused 
by an increasing greenhouse gas forcing would further increase the atmospheric water vapour 
content. Therefore, for most of the 21st century, they expect relatively large rates of warming 
over the Tibetan Plateau. Scherrer, Ceppi, Croci-Maspoli, & Appenzeller (2012) used 
observational data in the Swiss Alps and found that the snow-albedo feedback (SAF) is 
responsible for an increasing trend of air temperature during spring in that region.
An analysis based on observational data shows a general decrease of warming trends 
with elevation in the Tropical Andes. Using surface data of daily maximum and minimum air 
temperatures, Pepin & Losleben (2002) found the local surface air temperature trends at high 
elevation are opposite to global increasing warming trends. Lu, Kang, Li, & Theakstone 
(2010) through the analysis of 46-year January mean observed air temperature data between 
1000 m and 5000 m in elevation, found significant altitudinal effects of temperature warming 
onset time on the Tibetan Plateau. They concluded that the warming in high elevations 
(below 5000 m) is less sensitive than low lying nearby areas. They suggested that could be 
caused by high albedo and the large thermal capacity of ice/snow cover on the higher part of 
the plateau and a possible heat island effect over the lower part.
Furthermore, many studies focused on recent warming show earlier melting of snow 
and significant decline in snow cover in the mountains of North America and an increased
number of snow-free days in recent years (Choi, Robinson, & Kang, 2010; Shi, Dery, 
Groisman, & Lettenmaier, 2013; Tong, Dery, & Jackson, 2009b). Tong, Dery, & Jackson 
(2009b) show linkage between snow cover fraction and the hydrology of the QRB region 
using MODIS snow products. However, there are no specific studies on how the snow cover 
days and melting and freezing days are changing in the Cariboo Mountains and the 
surrounding region.
These studies raise a concern about whether or not there exists an elevation 
dependency on warming. Furthermore, it is possible that some regions may be experiencing 
elevational warming and other regions may not be at a global level. This study, therefore, 
examines important questions regarding elevational dependence on warming in the CMR, 
including:
• Is this type of warming different with elevation and the leeward and windward 
sides of a given mountain region?
• What are the physical processes responsible for such different outcomes in the 
mountain environment?
1.2.2 Physical processes for climate change in mountains
There are a number of factors associated with elevation that may lead to different 
responses to global warming. Indeed, different physical mechanisms and processes 
associated with either elevational differences or sensitivity of surface warming may be 
responsible for enhanced air temperature trends at high elevations (Rangwala & Miller, 
2012). Some of these factors are universal for all land surfaces while others are particular to 
the mountains. Some are seasonal mechanisms and others operate year-round (Barry, 2008;
Rangwala & Miller, 2012). Physical mechanisms along with the atmospheric circulation such 
as the SAF, cloud formation/concentration, soil moisture, etc. may contribute to seasonal 
trends (Ceppi, Scherrer, Fischer, & Appenzeller, 2012). Table 1 shows a summary of climatic 
effects of the basic control of the mountain climate system. The altitude, continentality, and 
topography are the major physical factors that affect, alone or in combinations, the climate of 
mountain regions and therefore make them unique and sensitive to changes.
Table 1: Primary and secondary climatic effects o f  the basic controls o f  mountain climate. The effects 
refer to an increase in the factor listed (Barry, 1992).
Altitude
reduced air density; 
vapour pressure;
increased solar radiation receipts (cloud 
dependent);
lower air temperatures.
increased wind velocity;
increase precipitation (mid­
latitude);
reduced evaporation; 
physiological stress.
Continentality
annual/diurnal air temperature range 
increased;
cloud and precipitation regimes modified.
snow line altitude rises.
Latitude
day length and solar radiation totals vary 
seasonally.
snowfall proportion increases; 
annual air temperatures 
decrease.
Topography
spatial contrasts in solar radiation and air 
temperature regimes, and precipitation as 
a result of slope and aspect.
diurnal wind regimes; 
snow cover related to 
topography.
Table 2 shows some of the possible climate drivers and mechanisms responsible for 
enhanced air temperature responses at high elevations. This study will further explore how 
these drivers are acting on the micro-scale and meso-scale in the Cariboo Mountains and how 
they influence air temperature variations in that region at different elevations, longitudes and 
exposures.
Table 2: Climatic drivers and associated mechanisms that can produce elevation sensitive air 
temperature responses with seasonal variations at the land surface. Tm,„and Tmaxare daily minimum 
and daily maximum air temperatures, respectively (Rangwala & Miller, 2012).
Decreases in 
Snow/Ice Albedo
Increases surface 
absorption of 
insolation
Primarily spring; but also 
important in winter at 
lower elevations, summer 
at higher elevations, in 
association with the 0°C 
isotherm
Increases Tmax; 
suppressed effect 
if  soil moisture 
also increases and 
causes daytime 
evaporative 
cooling
Increases in Cloud 
Cover (Daytime)
Decreases surface 
insolation
All seasons but greater 
effects in summer
Decreases Tmax; 
strongest effect 
when the cloud 
base is low
Increases in Cloud 
Cover (Nighttime)
Increases 
downwelling 
longwave radiation
All seasons but greater 
effects in winter
Increases Tnun
Increases in 
Specific 
Humidity (q)
Increases 
downwelling 
longwave radiation
Primarily winter; smaller 
effects are possible in fall 
and spring
Increases Tmin
| H|
Increases in
Aerosols
(non-absorbing)
Decreases surface 
insolation; 
Increases cloud 
albedo and cloud 
lifetime
Dependent on seasonal 
emissions
Decreases Tmax; 
Small increases in 
Tmin when cloud 
lifetime is 
enhanced;
Effect is 
somewhat 
localized to near 
the emission 
source
Increases in
Aerosols
(absorbing)
Decreases surface 
insolation but 
increases mid- 
tropospheric heating; 
Decreases albedo of 
clouds;
Decreases albedo of 
snow on ground; 
Decreases cloud 
cover
Dependent on seasonal 
emissions and insolation
Increases T mjn; 
Increases T max 
when cloud cover 
is reduced;
Effect is 
somewhat 
localized to near 
the emission 
source
Increases in Soil 
Moisture
Increases latent heat 
fluxes and decreases 
sensible heat fluxes 
during the day
Snowmelt effects are 
strongest in spring and 
winter; rainfall effects 
are strongest in summer
Decreases diurnal 
temperature 
range; Strong Tmax 
-  soil moisture 
link in summer
SAF, cloud cover, soil moisture, and aerosols all play important roles for air 
temperature trends in elevated areas. This study identifies the major climate drivers for the 
CMR and discusses their role in the region.
1.3 Goal and research questions of the thesis
The goal of this study is to develop the longitudinal and elevational profiles of trends 
in hydroclimatic parameters across the spine of the Cariboo Mountains. To achieve this goal 
the following research questions are addressed:
1. What are the variability and trends (annual and seasonal) of climate variables at 
different elevations across the spine of the Cariboo Mountains? Do leeward/windward 
effects of the Cariboo Mountains influence this variability?
2. Is there an enhanced climate change signal in the higher elevations of the Cariboo 
Mountains compared to lower elevations? If so, what are the possible climatic drivers 
for this enhancement? Do these enhancements differ between the leeward and 
windward sites?
Further, this study discusses the potential consequences of these trends to the 
hydrological system and local ecosystems such as on the endangered mountain caribou of the 
region.
1.4 Structure of the thesis
This thesis is structured as follows: the first chapter introduces mountain climate research 
and current knowledge gaps in understanding climate change and elevational warming 
related processes in mountains. The basics of climate change and hydroclimatic variations 
and the physical mechanisms associated with mountain climate are described in this chapter. 
In addition, the rationale and goal of the thesis are discussed. Chapter 2 provides an 
introduction to the characteristics of the study area that makes it especially relevant to learn 
about elevational dependence of hydroclimatology. Chapter 3 describes the nature of the
data, tools, and methods used for analysis. The remainder of this thesis consists of the results 
of analysis and discussions based on the results. Chapter 4 details the results of local climate 
for short periods, comparisons of observed data with interpolated data, and temporal and 
spatial trends, and elevation dependency of trends. Further explanations and comparison of 
the results with other similar studies are presented in Chapter 5. A description of the role of 
different physical factors responsible for the mountain climate trends is given in this chapter. 
Furthermore, the impacts of these trends are discussed. The first part of Chapter 6 is the 
concluding summary of the results and discussions while the second part proposes some 
recommendations and future work.
2. Study Area: The Cariboo Mountains Region
The study area is the CMR of east-central BC, Canada. Located to the east of the Quesnel 
Highlands, these mountains form the northern extension of the Columbia Mountains and lie 
between the interior plateau and the Rocky Mountain Trench in BC. Figure 2 shows a typical 
view of the Cariboo Mountains from Browntop Mountain. The study domain of the CMR 
spans approximately 245 km in length and 44,150 km in area. The study area extends from 
51°37’00” N to 53°30’00” N latitude and 119°6’00” W to 122°33’00” W longitude with
elevations ranging from 330 m to the highest peak at 3,520 m average sea level (a.s.l.) at Mt. 
Sir Wilfrid Laurier (Figure 3).
Figure 2: The Cariboo Mountains as seen from Browntop Mountain [elevation 2031 m].
Generally, the climate of BC including the CMR is influenced by the presence of 
mountainous regions, the coastline of the Pacific Ocean, and its location in the Northern 
Hemisphere (latitude, longitude). The steep elevational gradient across the Cariboo 
Mountains also shows variation in soils, climate, and vegetation. The geology of these 
mountains is composed of sedimentary and metamorphosed sedimentary rocks, dominantly 
quartzite and some limestone. Valleys in this region are steep sided with shallow surficial 
deposits (MoF, 1979).
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Figure 3: Topographic map o f  the Cariboo Mountains Region (CMR) and its location within BC, 
Canada.
The CMR experiences a transitional climate and is wetter than the Rocky Mountains 
to the east and interior plateau to the west but drier than the Coast Mountains further to the 
west (Beedle, Menounos, & Wheate, 2014). The Cariboo Mountains lie in the prevailing 
westerlies of the Northern Hemisphere mid-latitudes and form a natural obstacle to the 
transport of moisture from the Pacific Ocean, forcing it upward. As a result, sharp 
longitudinal and elevational gradients in air temperature, precipitation, and snow 
accumulation are observed in the CMR.
Furthermore, the Northern Hydrometeorology Group (NHG) of the University of 
Northern British Columbia (UNBC) operates the Cariboo Alpine Mesonet (CAMnet) weather 
stations in the region since 2006. The hydroclimatic data generated from these stations are 
useful to perform short-term hydrometeorological analyses of the region.
The inland temperate rainforest is unique to this region and lies in and around the 
CMR providing habitat to mountain caribou and many other diverse plant and animal species 
(ForestEthics, 2014; Stevenson et al., 2011). Cedar (Thujaplicata) and hemlock 
(Tsuga heterophylla) dominated forests are found in the lower, nutrient-rich valleys of the 
region, logdepole pine (Pinus contorta), Engelmann spruce (Picea engelmannii), and 
subalpine fir (Abies lasiocarpa) are found in the mid-altitudes, and only alpine meadows and 
lichens are found above the tree line (1700 m a.s.l.) (Dery et al., 2010). The Cariboo 
Mountains form habitat of the endangered mountain caribou, a mountain ecotype of 
woodland caribou (Rangifer tarandus caribou) (Mountain Caribou Science Team, 2005).
Tributaries of the Fraser River around the CMR such as the Quesnel River are 
important habitats of keystone salmon species. These are the spawning habitat of keystone 
salmon species, especially sockeye salmon (Oncorhynchus nerka) and Chinook salmon (O.
tshawysscha) (Beacham et al., 2004; Dery, Hemandez-Henriquez, Owens, Parkes, & 
Petticrew, 2012; English et al., 2005).
The Fraser River is an important source of freshwater for downstream regions in BC’s 
interior and plays a significant role in its ecohydrological system (Burford et al., 2009). Thus 
the study of climatic variability and trends over the Cariboo Mountains would not only make 
a contribution to a further understanding of mountain climate, but will also have broader 
implications to the ecohydrology of the surrounding areas. There are many glaciers (536 in 
the Cariboo Mountains; Bolch, Menounos, & Wheate, 2010) such as Castle Creek, 
Quanstrom, and Premier glaciers, in the CMR that form the headwaters of the Fraser, the 
North Thompson, and the Columbia Rivers (Beedle et al., 2014; Maurer et al., 2012).
The CMR has great environmental and socio-economic importance. The QRB and 
historical places such as Barkerville lie within the western slopes of the Cariboo Mountains.
th tV\Barkerville was the focus of the Cariboo Gold Rush in BC during the late 19 and early 20 
centuries and these days it exists as one of the famous historical ghost towns of Canada 
(GeoBC, 2014; Wikipedia, 2014). Some of the major settlements in and around the CMR 
include Likely, Horsefly, McBride, Quesnel, Wells, Clearwater, and Williams Lake. These 
settlements lie within the Cariboo Regional District of BC and have a total population of 
about 60,000 (Statistics Canada, 2014). The CMR also provides high recreational values 
through scenic areas such as the Bowron Lake Provincial Park, Cariboo Mountains 
Provincial Park, and Wells Gray Provincial Park (Figure 3) (BC Parks, 2014; Wikipedia, 
2013).
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3. Data Collection and Methods
This chapter describes the data and methods used in analyzing hydroclimatic 
variations in the CMR. The first part looks at different sources of data considered for this 
study and a description of the data used for analysis. The second part is about the methods 
used for long-term trend analyses and their statistical significance.
3.1 Data Collection
The climate system is the fundamental driver of life on earth and the understanding of 
such a complex system comes through the analysis of records of climate variables at different 
locations (Goosse, Barriat, Lefebvre, Loutre, & Zunz, 2010; McKenney et al., 2011). 
Unfortunately, the challenge for climatic studies in remote regions is the lack of sufficient 
weather stations to monitor the local climate (Beniston, 2006; Bradley et al., 2004). This 
limitation is also evident in the chosen study area of the CMR where there are few stations, 
especially in the higher elevations, with both long term and/or reliable quality data (Figure
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Figure 4: Weather stations (both active and inactive) operated by different weather agencies in the 
CMR. The elevational distribution o f  these weather stations is given in Figure 5.
Furthermore, historical daily climate data provide information on past daily air 
temperature and precipitation over a selected period. Such data are particularly valuable as 
input for trend analysis, model simulation processes such as plant growth, fire severity, and 
plant phenology (McKenney et al., 2011). In this study, both observed and gridded climate 
data from different sources are collected and compiled. The gridded climate data are then 
validated using the observation-based, independent dataset before analysis.
3.1.1 Data Sources
Different types of data, both observed and modelled, from different sources are 
collected and examined to select long-term good quality hydroclimatic data of the CMR for 
detailed analysis (Table 3). Detailed inspections of the observed data from various agencies 
(presented in Table 3) show that there are large data gaps and lack of continuous data beyond 
30 years from the present in the CMR.
Table 3: Sources and agencies collecting a.) Observed and b.) Gridded climate data in the Cariboo 
Mountains.
The Cariboo Alpine Mesonet (CAMnet) ANUSPLIN observed gridded data
(Macleod & D&y, 2007) (NRCan, 2014)
Environment Canada
(Environment Canada, 2014)
BC River Forecast Centre’s snow pillow stations
(BCRFC, 2014)
BC Ministry of Forests, Lands, and Natural
Resource Operations’ (MLNRO) Wildfire
Management Branch (WMB) (WMB, 2014)
There are few operational weather stations in the CMR covering higher elevations 
(Figure 5). Most stations lie below 1500 m elevation and do not have long-term continuous 
data. Therefore, data from those stations are not used for detailed hydroclimatic trend 
analysis of the CMR.
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Figure 5: Distribution o f  weather stations with elevation operated by different agencies in the CMR. 
The spatial distribution and the agencies operating these stations are shown in Figure 4.
The source of gridded data for the region is the Australian National University 
SPLINe (ANUSPLIN) observed Canadian Coverage Climate (CCC) data developed by 
Natural Resources Canada (NRCan). The CCC data were available at the Pacific Climate 
Impacts Consortium (PCIC) web portal
http://medusa.pcic.uvic.ca/dataportal/bcsd downscale canada/map. They can also be 
obtained through special request to Natural Resources Canada (NRC, 2014). These are the 
interpolated data from observed station data. The CCC data are used instead of other gridded 
data available for the region such as ClimateWNA (T. Wang, Hamann, Spittlehouse, & 
Murdock, 2012) because they are available at a higher temporal resolution (daily frequency) 
and based on solely observed data.
3.1.1.1 The Cariboo Alpine Mesonet Observed Data
To monitor the long-term, amplified impact of global warming on the 
hydrometeorology of the mountainous terrain of northern BC, CAMnet, a mesoscale network 
of weather stations, has been developed by the NHG at UNBC (Macleod & Dery, 2007). This 
network of stations collects different climatic variables such as air temperature, rainfall, snow 
depth, wind speed and direction, and atmospheric pressure at 15 minute intervals in the CMR 
(Macleod & Dery, 2007). The CAMnet data, aggregated to daily totals or means, are used for 
preliminary climatic analysis of the CMR and validation of interpolated data. The 
preliminary analysis is conducted on the data from September 2011 to June 2012 because of 
the availability of recent data at the time of analysis.
3.1.1.2 ANUSPLIN Canadian Climate Coverage gridded data
The observation-based ANUSPLIN interpolated grids developed by NRCan span all 
of Canada (NRCan, 2014). The hydroclimatic data of this study domain are clipped from this 
nation-wide CCC gridded data set. The CCC data are generated using the ANUSPLIN 
climate modelling software (Hopkinson et al., 2011; McKenney et al., 2011). The 
ANUSPLIN climate modelling method is a multidimensional, nonparametric surface fitting 
method that is suitable for the interpolation of climate parameters such as minimum and 
maximum air temperature, and precipitation. In ANUSPLIN a trivariate thin-plate smoothing 
splines is applied to model the complex spatial patterns associated with daily data as spatially 
continuous functions of longitude, latitude, and elevation (Hutchinson et al., 2009). This 
method can be observed as a simplification of multivariate linear regression in which a 
parametric model is replaced by a smooth nonparametric function (Hutchinson et al., 2009). 
The ANUSPLIN method depends on every data point observed that gives the robust and 
stable determination of dependencies on the variable, particularly in data sparse, high 
elevation regions (McKenney et al., 2011). This type of interpolation can account for 
spatially-varying dependence on elevation that has control over different physical factors and 
hence overall climate (Daly, 2006). The details of the ANUSPLIN interpolation can be found 
in Hopkinson et al. (2011), Hutchinson et al. (2009), and McKenney et al. (2011).
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Figure 6: DEMs and corresponding histograms o f  elevational distribution o f  the CMR. a. DEM and 
elevational distribution o f  CCC data with mean elevation, b. High resolution DEM (~  1 km x 1 km) 
and its elevational distribution with mean elevation. Elevations are in metres a.s.l..
The Digital Elevational Model (DEM) and elevational distribution of the ANUSPLIN 
data of the study domain along with high resolution DEM and elevational distribution are
shown in Figure 6. The majority of the grid cells lie in the elevations between 800 m a.s.l. to 
2000 m a.s.l. with mean grid cell elevation of 1292 m for the ANUSPLIN data.
For this analysis, the ANUSPLIN interpolated data (daily models) based on station 
data from Environment Canada are used (Hutchinson et al., 2009; McKenney et al., 2011; 
NRCan, 2014). The ANUSPLIN gridded data comprise daily minimum temperature, daily 
maximum temperature, and precipitation. The precipitation includes all form of precipitation 
such as snow, rain, hail, etc. These daily frequency gridded data are at the resolution of 300 
arc-seconds (0.0833° or about 10 km) for the period of 1950-2010.
3.1.2 Data quality assessment and control
Quality assessment of data is an important factor for hydroclimatic analysis. For 
CAMnet observed station data, quality assessment is carried out for individual parameters at 
each station through statistical quality control procedures, analysis of frequency intervals, 
values, manual observations, etc. Erroneous values and outliers are detected by defining the 
range of data values to be considered. Missing time gaps are identified and filled with “NA” 
using codes developed in R (R Core Team, 2014). Data with frequency less than daily are 
processed for quality control and summarized to their daily average for air temperature and 
daily total for precipitation. Interpolated data are also assessed for their quality through visual 
inspection and scatter plots.
Missing gaps are filled using different techniques. Air temperature data with short 
gaps (<1 day), had their missing values filled in by performing linear interpolation over time. 
Here the differences between the end points are computed and divided by the number of 
times for which data are missing. A given meteorological quantity is in-filled by adding the
computed increment to the point at the beginning of the gap, and is done so iteratively until 
the end of the gap. For longer gaps (>1 day), cross-correlation is used to fill the missing data. 
Air temperature is calculated by correlating daily air temperatures seen at nearby stations. 
Missing gaps are reconstructed based on linear regressions. Precipitation data gaps are not 
filled because of lack of reference precipitation data from other nearby stations. During 
interpretation of the results, this is clearly considered.
For the ANUSPLIN data, detailed inspection is conducted for missing gaps in all 
parameters, namely daily minimum air temperature, daily maximum air temperature, and 
precipitation at each grid cell within the study domain. The inspection shows that there are no 
missing values in the data. Therefore, the ANUSPLIN observation based interpolated CCC 
data are directly used for analysis after an independent validation.
3.2 Methods
3.2.1 Tools
All analyses/calculations in this work are performed using R and ArcGIS. R is a 
freely available software language and environment for statistical computing and graphics 
that provides a wide variety of statistical and graphical techniques through its base and 
associated packages: ggplot2, raster, Kendall, etc. (Hijmans, 2014; Mcleod, 2013; R Core 
Team, 2014; Wickham, 2009, 2011). The Environmental Systems Research Institute 
(ESRI)’s ArcGIS 10.1 is a powerful tool for spatial analysis and presentation such as 
watershed delineation, digital elevation model (DEM) analysis, area calculation, etc. (ESRI,
3.2.2 General statistics
Descriptive statistical values such as means, standard deviations (SDs), and 
coefficient of variations (CVs) of the hydroclimatic data are calculated for seasonal and 
annual time series. The four seasons mentioned in this study are: winter (December- 
February), spring (March-May), summer (June -August), and fall (September-November).
The quality-controlled data are transferred to the R statistical software and functions 
and codes are executed to calculate these statistics.
Means and Standard Deviations
Let Xi, i = 1 ,  , n be the series of the hydroclimatic data then the mean (x) and
standard deviation (a) of this time series are calculated as given in equations (1) and (2) 
respectively (Dalgaard, 2008; Storch & Zwiers, 1999).
n
( i )
i= 1
(2)
The percentage of the coefficient of variation (CV) of the data series is calculated as in 
equation (3).
Correlation
The Pearson’s correlation coefficient (r) is calculated between observed and 
modelled data to a single-valued measure of association.
with means x  and y  and standard deviations ax and ay respectively is given as in equation
The r  is considered statistically significant ifp<0.05 in the present work.
The p  ( P-value) is the probability quantifying the strength of the evidence against the 
null hypothesis in favour of the alternative.
Moving Average
Five years moving average of the hydroclimatic time series is calculated to reduce the 
effects of nonsystematic variations as below.
Let be the time series of the hydroclimatic data, then the five years moving average is a 
new series obtained by taking the arithmetic mean of five consecutive values of x t as given in 
equation (5) (McCuen, 2003).
The Pearson’s correlation (rxy) between two series x (, i =  1 , , n and y it i =  1 , , n
(4) (Wilks, 2011).
n -  iZT-iK*I =i[(*j -  *)(y« -  y ) ] (4)
° x ° y
5
(5)
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Root mean square error (RMSEt and Nash-Sutcliffe efficiency (NSE) coefficient
Root mean square error (RMSE) and Nash-Sutcliffe model efficiency (NSE) 
coefficient values are calculated to assess how closely the gridded data represent independent 
observations collected in the CMR. The RMSE is the square root of the average squared 
difference between the gridded and observed hydroclimatic data pairs. Therefore, the RMSE 
is calculated as given in equation (6) (Wilks, 2011).
R M S E  =
n
i Y 7  _  V\ x obs,i x model,i)
i=l
(6)
where xobs are observed values and x model are gridded values at time i.
The NSE coefficient measures the accuracy of a model’s prediction (Krause, Boyle, 
& Base, 2005; Martinec & Rango, 1989). NSE coefficients range from — oo to 1; if the NSE 
is closer to 1, the more accurate is the model. The NSE is calculated to see how accurately 
the gridded data represent observed hydroclimatic parameters in the CMR. The NSE of
observed data (xobs) and gridded data (xmodei) for data series x t, i =  1 ,..........., n is given as
in equation (7) (Nash & Sutcliffe, 1970).
N S E  =  Xmodel,i)  (7 )
Si=lC *o6s,i — x obs,i)
3.2.3 Validation
The interpolated CCC data are validated using independent data from CAMnet 
weather stations operating in the Cariboo Mountains. Four CAMnet stations covering 
different elevations and with maximum continuous data are selected to validate the gridded 
data. The CAMnet 15 minute frequency data from 2007 to 2010 are averaged/summed to 
daily values after quality control. The corresponding data from each grid nearest to the 
CAMnet station are extracted from CCC time series for the same period, i.e. 2007 to 2010 for 
daily and monthly comparisons. This validation period is limited by data availability from 
both CAMnet (>2006) and CCC (< 2010) data.
3.2.4 Lapse Rate
The surface lapse rate of air temperature of the CMR is calculated to assess the 
monthly rate of decrease of air temperature with elevation and the stability of the atmosphere 
for different months.
The surface lapse rate, i.e. the rate of decrease of temperature with elevation at the earth’s 
surface, is calculated as in equation (8) (Goosse et al., 2010):
where T is the temperature and AZ  is the change of elevation. For multiple measurements at 
different elevations, an average of values between neighbouring stations is used for surface 
lapse rate calculations. The surface lapse rate is calculated for the period of September 2011 
to June 2012 because of the availability of recent data at the time of analysis.
3.2.5 Anomaly
The anomalies of the hydroclimatic parameters are calculated so that the data are less 
influenced by seasonal variations and therefore, more easily comparable. An anomaly, z, is 
calculated by subtracting the mean of the raw data (for a given year or season) as given in 
equation (9) (Wilks, 2011).
Let x lt i =  1 , ..........., n  be the series of the hydroclimatic data than the anomaly, z t is
z i = x i - x  (9)
where x  is the mean of the x t time series.
3.2.6 Trend Analysis
The daily frequency CCC gridded data are summarized to annual and seasonal totals 
or means for each grid cell. Temporal and spatial analysis of the summarized gridded data are 
performed. As a first step for the temporal analyses, the mean of all the grid cells for each 
year or seasons of each year is calculated. For spatial analysis, calculations are executed on 
each grid cell.
Trend analysis of a time series considers the statistical significance and magnitude of 
the trend. There are different techniques in analyzing these trends. In this study, 
nonparametric techniques for calculating the significance and magnitude of the trend are 
used. The nonparametric tests rely on fewer assumptions compared to their parametric 
equivalents. They are applicable in the situations where less is known about the data in 
question, and are robust. Therefore, the Mann-Kendall trend test is performed to test the 
significance of the trend while the Theil-Sen trend estimate is executed to obtain the 
magnitude of the trend.
3.2.6.1 Mann-Kendall Trend test
To detect the change in hydroclimate of the CMR, the Mann-Kendall trend test is 
performed (Kendall, 1975; H. B. Mann, 1945). The Mann-Kendall trend test is a popular 
nonparametric alternative for testing the presence of a trend or nonstationarity of the central 
tendency of a time series (Dery, Stieglitz, McKenna, & Wood, 2005; Wilks, 2011).
The Mann-Kendall trend test is based on the relative ranking of data and not on the 
data themselves. This robust, nonparametric test is resistant to outlier effects, influential data, 
and non-normal data. This test shows lower sensitivity for non-homogeneous/inconsistent 
data, it does not require the data sets to follow any particular distribution. This test is found 
to be an excellent tool for trend detection by many researchers in similar hydroclimatic 
studies (Burford et al., 2009; Bum & Elnur, 2002; Dery & Brown, 2007; Dery et al., 2005; 
Dery & Wood, 2005; Gan & Kwong, 1992; Gocic & Trajkovic, 2013; Modarres & Sarhadi, 
2009; Shi et al., 2013).
Let x t, i = 1 ,  ,n  be the monotonically increasing time series with time index i,
then statistics for the Mann-Kendall trend test S is
n - i
t=l
where
S = 'Yusgn(.xi+1 -Xi )  (10)
'+ l,A x  > 0 
sg n ( Ax) =  0, Ax =  0 
(—1, Ax <  0
(11)
The statistics in equation (10) counts the number of adjacent data pairs in which the 
first value is smaller than the second, and subtracts the number of data pairs in which the first 
is larger than the second (Wilks, 2011). The sampling distribution of the test statistic 5 is 
approximately Gaussian. If the null hypothesis of no trend is true, then Gaussian null 
distribution will have zero mean. The variance of this distribution depends on whether all 
the x ’s are distinct, or if some are repeated values. If there are no ties, the variance of the 
sampling distribution of 5 is
„ s n (n  -  l) (2 n  + 5)
Var (S )  = ------- 15---------  (12)
Otherwise,
„ n ( n - l ) ( 2 n  + 5 ) - E j =1t y f o - l ) ( 2 t ; + 5)
Var(S)  = ----------------------------—---------------------------- (13)
where /  indicates the number of groups or repeated values, and t* is the number of repeated 
values in the j th group. The test p-value is then evaluated using the standard normal 
distribution as,
( S -  1
5 >  0
[Var(S)]2
0, 5  =  0 (1 4 )
5 +  1
------------T, 5 < 0
[Tar(5)]I
Now for this distribution in equation (14), the significance of a trend at a level p is 
established if \ZS\ > p( f ) ,  where /  is the standard normal distribution (Dery et al., 2005; 
Wilks, 2011). A very high positive value of S is an indicator of an increasing trend, and a 
large negative value indicates a decreasing trend. In this study, significance level (a) = 0.05 
is used; the null hypothesis of no trend is rejected if the standard normal test statistics 
\ZS\ >  1.96. This trend test has two parameters of importance for trend detection:
a) Significance level that indicates the strength; and
b) The slope magnitude estimate that indicates the direction as well as the magnitude
of the trend (Bum & Elnur, 2002).
The Mann-Kendall trend test does not calculate the trend magnitude; therefore, the 
nonparametric median based technique, Thei 1-Sen trend estimate, is implemented for the 
estimation of trend magnitude.
3.2.6.2 Theil-Sen trend estimate (Median based trend estimate)
Trend magnitude is calculated using the Theil-Sen trend estimate (Dery et al., 2005; 
Mondal, Kundu, & Mukhopadhyay, 2012; Sen, 1968).
Let t  be time, y  is the climate variable and b a constant, then the Kendall-Theil 
Robust Line develops a linear equation as
y  - m t  +  b (15)
where m is the slope. To calculate this slope, the slopes m k for each tied group of a time 
series are computed as
(1 6 )
where/c = 1,2, ,n (n  — l) /2 ;  i =  1,2, — I; and j  =  2 ,3 ,....... ,n.
The intercept b is calculated by substituting the median time and y  and solving for b 
in equation (15). The median slope of all elements m k is then taken as the slope of 
equation (15) that gives the trend magnitude of the time series.
3.2.6.3 Trend Distribution
The distribution of a given hydroclimatic parameter’s trend magnitude of each grid 
cell is plotted with its normal distribution curve.
Let Xi be the series of trend magnitudes for n number of grid cells, then the Gaussian 
distribution curve of trend magnitude is obtained as
where x  is the mean of the series and cr is the standard deviation of the series (Wilks, 2011).
3.2.6.4 Hydroclimatic trends with elevation
The annual and seasonal trends are plotted with respect to elevation of each grid cell 
of the study area to better understand the influence of altitude on the hydroclimatic trends. 
The elevations of each grid cell are extracted from the same DEM that is used during data
, -oo < x  < 00 (17)
I 3 7 1
interpolation (see Figure 6). The calculated trend magnitudes for each grid cell are plotted 
against the elevation. This visually shows the relationship between the trends and elevation in 
the CMR.
3.2.6.5 LOESS
Locally weighted regression (LOESS) is a means to estimate a regression through a 
multivariate smoothing procedure, fitting a function of the independent variables locally and 
in a moving fashion analogous to how a moving average is computed for a time series 
(Cleveland & Devlin, 1988). Let x  be a point in a data series then the quadratic fit of x  using 
other points around it, weighted by their distance from the x  gives LOESS. In this study, 
LOESS is used to evaluate the elevational dependence of hydroclimatic parameters in the
4. Results
The results of the analysis of hydroclimatic data of the CMR are presented in this 
chapter. The patterns of air temperature and precipitation in the region based on observed 
data from different agencies are shown first. The results of the validation of gridded data with 
independent CAMnet data are followed by basic statistics of the hydroclimatology of the 
region. The basic hydroclimatic statistics are given in tabular format to provide general 
information on the climate of the CMR. Furthermore, annual, seasonal, and monthly air 
temperature and precipitation data are analyzed and presented.
The results of the validation of interpolated data are assessed with Pearson’s 
correlation coefficient (r) and corresponding /7-values, RMSEs, and NSE coefficients to 
ensure the reliability of the data. The temporal and spatial trends and trend plots for annual 
and seasonal long-term interpolated air temperature and precipitation data for the region are 
then presented and described. The last section of this chapter shows the results of elevational 
dependency on hydroclimatic variations and trends in the CMR.
4.1 Observed air temperature/precipitation variations
The CAMnet data are used along with data from Environment Canada and the BC 
River Forecast Centre (BCRFC) to enhance the understanding of short-term climatic 
variations in the CMR.
Location o f the stations used for preliminary analysis.
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Figure 7: Location o f  the weather stations used for preliminary analysis o f  hydroclimatology o f  the 
CMR.
Analysis of data collected by CAMnet stations as well as from different agencies such 
as the BCRFC’s Yanks Peak snow pillow site and Ministry of Forests, Lands and Natural 
Resources Operations’ (MLNRO) Likely Airport is performed. This is conducted to obtain
the preliminary information on how annual climate varies near Likely, BC, located on the 
western slopes of the CMR (Figure 7).
Table 4 shows the details of the location and elevation of the stations used for this 
analysis. These stations cover different elevations ranging from 744 m (Quesnel River 
Research Centre (QRRC)) to 2105 m (Upper Castle Creek (UCC)).
Table 4: Details o f  the stations used for the preliminary analysis.
Latitude Longitude Elevation
QRRC 52°37’06.4” N 121°35’23.5” W 744 m CAMnet 15 minutes
Browntop Mt. 52°42’28.0” N 121°20’02.4” W 2031 m CAMnet 15 minutes
Spanish Mt. 52°33’48.4” N 121°24’35.4” W 1511 m CAMnet 15 minutes
Yanks Peak 
Snow Pillow
52°49’00.0” N 1 2 1 °2 r0 0 .0 ” W 1683 m BCRFC 1 hour
Likely Airport 52°36’54.0” N 121°30’48.0” W 1046 m MFLNRO 1 hour
Lower Castle 
Creek (LCC)
53°03’45.0” N 120°26’04.0” W 1803 m CAMnet 15 minutes
Upper Castle 
Creek (UCC)
53°02’36.0” N 120°26’18.0” W 2105 m CAMnet 15 minutes
C ross correlation of daily m ean air tem perature among the stations
indicate statistically significant values
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Figure 8: Cross correlation o f  daily mean air temperature among the selected stations analyzed for the 
study period o f  September 2011 to June 2012.
Cross correlation of daily mean air temperature among the selected stations analyzed 
for the study period of September 2011 to June 2012 is shown in Figure 8. There is a 
significant (p<0.05) positive correlation among all stations within the region, illustrating that 
the closer the stations are to each other, the higher is the correlation in their records. The 
correlation is highest between stations located at higher elevations (e.g., Spanish and 
Browntop Mountains) or stations at lower elevations (e.g., QRRC and Likely). As the 
distance and elevation difference between the stations increases, the relation between 
climatic variables decreases.
Daily air temperatures (°C) at QRB 
Sept2011 - June2012
Likely —  Yanks Peak —  QRRC —  Spanish —  Browntop
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Figure 9: Daily air temperature variations in the Quesnel River Basin (QRB), on the western slopes o f  
the CMR, September 2011 to June 2012.
Time series plots are constructed for the observational data of air temperature and 
precipitation in the region. The combined time series of air temperatures for the five stations 
show that, in general, the lower elevation stations (QRRC and Likely) record higher air 
temperatures than the high elevation stations (Figure 9). However, in the case of extreme low 
air temperatures, such as in the middle of January and February 2012, the high elevation 
stations are warmer than lower elevation records (Figure 10). This may be due to air 
temperature inversions occurring during extreme winter days.
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Figure 10: Elevational dependence o f  mean monthly air temperature on the western slopes o f  the 
CMR (monthly average o f  September 2011 - June 2012 observational data).
The average monthly surface lapse rate on the western slopes of the CMR is 
calculated to see monthly temperature variations. The monthly average surface temperature 
lapse rate of the region is 4.7°C km'1 (Min = 2.4°C km"1 in February, Max = 6.6°C km'1 in 
June)1 (Table 5). The atmosphere in the region is generally stable during winter months and
1 July and August excluded
near neutral to unstable during the summer. The unstable atmosphere during the summer, 
especially during daytime, causes convective activity such as showers and thunderstorms.
Table 5: Monthly lapse rate in the Cariboo Mountains.
Average monthly 4.1 5.1 5.7 3.2 2.5 2.4 5.9 5,5 6.2 6.6lapse rate (°C km ’)
The monthly total precipitation is calculated for two nearby stations: the QRRC and 
Likely Airport stations. These two stations, the Likely RS and QRRC have a 302 m elevation 
difference (Table 4). There is a strong correlation in the measurement of monthly 
precipitation between the two stations (r = 0. 89,/? < 0.05) (Figure 11).
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Figure 11: Monthly total precipitation at the Likely RS and QRRC stations in the QRB that lies on the 
western slopes o f  the CMR, September 2011 to June 2012.
4.2 Validation of Interpolated (Gridded) Data
The observed data from four CAMnet stations (namely QRRC, Spanish Mountain, 
UCC, and Browntop Mountain) are used for the comparison and validation of CCC 
interpolated data. These stations are located within the QRB on the western slopes of the 
CMR; the UCC station is on the spine of the Cariboo Mountains chain. These stations cover 
different elevations ranging from 744 m (QRRC) to 2015 m (UCC). The elevations of the 
stations and corresponding gridded data and their elevation difference are given in Table 6. 
QRRC and UCC stations, which are at the lowest and highest elevations, respectively, show
negative elevational difference with the gridded data. The Browntop Mountain and Spanish 
Mountain stations show positive elevational difference with gridded data.
Table 6: Elevation o f  stations used for validation with elevation difference from gridded data.
QRRC 744 921 -177
Browntop Mountain 2031 1706 325
Spanish Mountain 1511 1084 427
UCC 2105 2220 -115
Figure 12 shows the comparison of gridded and observed monthly average daily 
minimum air temperature data for the four stations. The CCC minimum air temperature data 
are validated with independent observed data at all stations. The NSE coefficient is higher 
than 90% for all the stations except at Spanish Mountain (85%), and all correlations (r) are 
also higher than 0.9. The daily minimum air temperature comparison shows that NSE 
coefficient is higher than 70% for all the stations except Spanish Mountain (67%) and r- 
values are higher than 0.8 (p<0.05) for all stations (Appendix A). The NSE and r-values are 
high at higher elevation stations such as Browntop Mountain and UCC for minimum air 
temperature. Therefore, the minimum air temperature at higher elevation regions of the CMR 
is well captured by CCC data.
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Figure 12: Monthly minimum air temperature (CCC and CAMnet) with NSE, RMSE, r, andp  values.
Figure 13 shows the monthly average daily maximum gridded and observed air 
temperatures for four stations with their NSE, RMSE, and r- values. The CCC maximum air 
temperature data correlate well with independent observed data at all stations. The monthly 
maximum air temperature NSE is only 0.29 and 0.16 for Browntop and UCC stations 
respectively, but they are 0.97 and 0.79 for QRRC and Spanish Mountain, r-values are higher 
than 0.9 for all stations. The RMSEs for minimum temperature are low; however, there are 
up to about 6°C differences for some stations. This is likely due to the elevation difference 
between the station and the elevation of the grid cell nearest to the station whose data are 
used for validation.
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Figure 13: Monthly maximum air temperature (CCC and CAMnet) with NSE, RMSE, r, and p  values.
Figure 14 shows the correlation between CAMnet observed and CCC gridded air 
temperature (monthly average minimum and monthly average maximum). For minimum air 
temperatures, CCC and CAMnet data show a strong relationship, but interpolated values are 
generally underestimated from their observed values. For maximum air temperature, there is 
a strong correlation, but CCC data overestimate the daily maximum air temperature than 
observed.
The gaps between the interpolated and observed data are not only due to the 
interpolation, but also because of elevational difference. The observed stations’ elevations
are different than the elevation of nearest grid cells whose data are extracted for validation 
(Table 6).
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Figure 14: Comparison o f mean monthly minimum and maximum air temperature between CAMnet 
observed and CCC gridded data for the period o f 2007 - 2010 at four locations in the CMR. The solid 
diagonal line is the 1:1 line.
CCC data do not capture precipitation data as well as air temperature data. The 
monthly precipitation between observed and gridded data at the QRRC station exhibit a 
significant correlation of 0.64 (p <0.05) (Figure 15). There are many gaps in observed 
precipitation data for other stations, especially during winter as the remote stations do not 
have heated precipitation gauges. Even for QRRC, which has a heated precipitation gauge 
and thus more reliable observational data, the gridded data are underestimating the observed 
precipitation. Local convective events may be responsible for these differences in the 
observed and interpolated precipitation data. For example, for the summer months, the NSE,
RMSE and r-values are -0.48,28.15 mm, and 0.2 (p>0.05) respectively, for QRRC while 
they are 0.4, 16.83 mm, and 0.87 (p<0.05) for the winter months.
The comparison of daily minimum and maximum air temperatures and precipitation 
data is given in Appendix A. At daily scale both minimum and maximum air temperatures 
show high and significant correlations (r>0.88,/?<0.05) for all stations. Precipitation data do 
not exhibit good correlation except for QRRC. This is because of missing data for several 
days in almost all of these stations.
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Figure 15: CCC and CAMnet monthly precipitation data with NSE, RMSE, r, andp  values. Gaps are 
due to missing observational data as remote CAMnet stations record only rainfall.
4.3 General hydroclimatology of the region
4.3.1 General statistics
Table 7 shows the basic hydroclimatological statistics of the CMR, summarized 
seasonally and annually for the period of 1950-2010 using CCC data. The minimum, 
maximum, and mean values of each hydroclimatic parameters (namely minimum air 
temperature, maximum air temperature, and precipitation) averaged over the region is 
calculated and shown in the table. The annual and seasonal values are given with their 
standard deviations (SD) and coefficient of variations (CV) for precipitation and only SD for 
air temperature. Mean annual minimum air temperature over the region is below freezing 
while maximum air temperature is above freezing. During winter, both maximum and 
minimum air temperatures are below freezing while during summer both are above freezing. 
The total mean annual precipitation over the area is about 738 mm, with wet years receiving 
more than 1000 mm precipitation and dry years receiving less than 500 mm on average.
Table 7: Basic statistics of hydroclimatic parameters in the CMR, 1950-2010.
Annual -7.4°C -0.9°C -3.7°C 1.3°C NA
Winter -16.3°C -9.8°C -12.8°C 1.2°C NA
Tm in. Spring -8.8°C -1.2°C -4.4°C 1.5°C NA
Summer 2.0°C 8.0°C 5.2°C 1.2°C NA
Fall -6.6°C -0.1 °C -2.8°C 1.3°C NA
521
Annual 1.1°C 11.1°C 7.3°C 1.9°C NA
Winter -7.5°C -1.5°C -3.8°C 1.3°C NA
Tmax. Spring -0.2°C 12.3°C 7.4°C 2.4°C NA
Summer 10.8°C 23.4°C 18.4°C 2.3°C NA
Fall 1.0°C 10.7°C 6.9°C 1.9°C NA
Annual -3.2°C 5.8°C 1.8°C 1.6°C NA
Winter -11.9°C -5.5°C -8.3°C 1.2°C NA
Tmean Spring -4.6°C 6.4°C 1.6°C 1.9°C NA
Summer 6.4°C 16.7°C 11.8°C 1.8°C NA
Fall -2.9°C 5.8°C 2.1 °C 1.6°C NA
Annual 425 mm 1008 mm 739 mm 140 mm 19%
Winter 98 mm 294 mm 191 mm 46 mm 25%
Prep. Spring 70 mm 213 mm 140 mm 32 mm 23%
Summer 132 mm 277 mm 209 mm 31 mm 15%
Fall 99 mm 283 mm 196 mm 44 mm 23%
The minimum, maximum, mean values, and standard deviations of average 
hydroclimatic data are calculated for the CMR to capture the average annual and seasonal 
variability. The SD of mean annual, summer, fall, and spring air temperature is 2°C but for 
winter, it is 1°C. The SD of minimum air temperature is less than the maximum air 
temperature, indicating that minimum temperatures are less dispersed than the maximum 
temperatures in the region. The annual precipitation CV is 19%, during winter it is above 
25%, while it is only 15% during summer. The precipitation in the region is less dispersed
from its mean value during the summer months while it is highly dispersed during winter 
months.
4.3.2 Average Hydroclimatic variation
Annual, seasonal, and mean monthly hydroclimatic variations of the CMR are 
analyzed. Average minimum air temperature in the region is below -15°C during winter 
months while the highest minimum air temperature is >5°C in July (Figure 16). The 
maximum average monthly air temperature in the region is below -5°C during winter and is 
nearly 20°C during summer months. Generally, for winter and spring the air temperature 
range is almost equal, but for fall months it is narrower. On average, there is almost a 40°C 
difference in air temperature between the warmest and coldest time of a year. This indicates 
that the region experiences extremes in air temperatures, reflecting its continentality.
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Figure 16: Box plots o f  monthly maximum (top) and minimum (bottom) air temperatures over the 
CMR, 1950-2010. The small white diamond in the centre shows the mean, the black line in the centre 
shows the median, the notch shows the 95% confidence interval o f  the median, the vertical line shows 
range o f  minimum and maximum values excluding outliers, and the black dot shows the outliers 
defined as the values greater than 1.5 times the interquartile range o f  corresponding air temperature.
There are lower minimum air temperature variations during the summer, but higher 
variations during winter, whereas maximum air temperatures do not show much variation. 
Average annual spatial variation of minimum and maximum air temperatures show that 
higher elevation areas are below freezing or near to 0°C year-round with up to 2°C of 
standard deviation (Figure 17). The SD of average annual minimum air temperature 
(minimum = 0.94°C, maximum = 1.81°C, and mean = 1.20°C) is greater than that of average 
annual maximum air temperature (minimum = 0.86°C, maximum -  1.04°C, and mean = 
0.93°C). Therefore, average annual minimum air temperature variation in the region is higher 
than average annual maximum air temperature variation.
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Figure 17: Mean annual minimum and maximum air temperatures and standard deviations (SD) over
the CMR, 1950-2010.
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Figure 18: Seasonal mean minimum and maximum air temperatures and their SD over the CMR,
1950-2010.
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Figure 19: Boxplot o f  monthly precipitation in the CMR, 1950-2010. The small white diamond in the 
centre shows the mean, the black line in the centre shows the median, the notch shows 95% 
confidence interval o f  the median, the vertical line shows range o f  minimum and maximum values 
excluding outliers, and the black dot shows the outliers defined as the values greater than 1.5 times 
the interquartile range o f  the precipitation.
The seasonal variation of mean seasonal minimum and maximum air temperatures 
show that winters are below freezing and summers are above freezing over the entire region. 
The air temperature variation in the region is highest during winter and lowest during 
summer (Figure 18).
Figure 19 shows the mean monthly total precipitation over the CMR. Generally, 
winter and summer months receive higher precipitation amounts than spring and fall. For 
example, monthly mean precipitation is about 72 mm in January, while that in April is only 
40 mm.
Mean annual precipitation is low at lower elevations compared to higher elevations of the 
Cariboo Mountains; the southeastern part of the region receives more precipitation. Mean 
seasonal precipitation variations show that the spring and fall months receive less 
precipitation than winter and summer, with higher elevation regions receiving more 
precipitation (Figure 21). Seasonal total precipitation is highly varying during winter and 
summer followed by fall and spring, respectively (Figure 21). The wettest three months are 
June, January, and December. Most of the precipitation should be in the form of snow 
because winter months show the highest amounts of precipitation.
Precipitation: CVPrecipitation: Mean
CV[%]
-121 -120 
Longitude (°W) -121 -120 Longitude (°W)
Figure 20: Mean annual precipitation and variation over the CMR, 1950-2010.
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Figure 21: Mean seasonal precipitation with seasonal variation expressed by the CV (%), 1950-2010.
4.4 Hydroclimatic trends in the Cariboo Mountains Region 
4.4.1 Temporal hydroclimatic trends in the CMR
4.4.1.1 Annual Trends
Average annual air temperature anomalies and trends are calculated and plotted for 
the CMR based on the CCC dataset. The annual minimum air temperature anomaly with the 
trend is shown in Figure 22 (the trends are given in Appendix D).
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Figure 22: Annual minimum air temperature anomalies and trend for the CMR, 1950-2010.
A strong positive trend of 0.32°C decade'1 (p<0.05) is observed in annual minimum 
air temperature over the 61-year period in the CMR. Although there is high fluctuation in 
these temperatures, the 5-year moving average shows a continuously increasing minimum air 
temperature in recent decades. The annual minimum air temperature anomaly shows positive
anomalies for many recent years (24 out of 30 recent years) (Figure 22). The 1950s and 
1960s show negative anomalies with low values (anomalies <3.0°C). High values (anomalies 
>1.5°C) occur in recent decades such as the 1990s and 2000s. After 2000 there are 
continuous positive anomalies except in 2008 and 2009 (cf. discussion in section 5.1).
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Figure 23: Annual maximum air temperature anomalies and trend with moving average for the CMR, 
1950-2010.
A significant positive trend of 0.19°C decade'1 (p<0.05) is observed in annual 
maximum air temperature anomalies over the 61-year period in the CMR, a trend 0.13°C 
decade'1 less than for the minimum air temperature trend. Year to year maximum air 
temperature variations are high. The annual maximum air temperature anomalies show 
positive anomalies for many recent years (22 out of 30 recent years) (Figure 23). After 1986, 
most of the years show positive anomalies (as high as 2.0°C). The minimum and maximum
air temperature anomalies coincided for 25 years (positive anomalies coincided 21 years and 
negative anomalies coincided 4 years) during the most recent 30 years. The mean air 
temperature trend and anomalies are given in Appendix E (cf. discussion in section 5.1).
There is no specific trend in precipitation during the past six decades over the CMR. 
This is interesting given the significant changes in temperature in the CMR. Maximum total 
annual precipitation is >900 mm per year, while the minimum value is <500 mm.
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Figure 24: Annual precipitation anomalies and trend with 5-year moving average in the CMR, 1950- 
2010 .
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4.4.1.2 Seasonal Trends
Seasonal Minimum Temp, anomalies and trend in the CMR
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Figure 25: Seasonal minimum air temperature anomalies and trends in the CMR, 1950-2010.
Figure 25 shows seasonal average daily minimum air temperature anomalies and 
trends. The minimum air temperature trends in winter (0.62°C decade'1,/><0.05) and spring 
(0.35°C decade'1, p<0.05) are significantly higher compared to summer (0.12°C decade'1, 
p<0.05) and fall (0.10°C decade'1, p>0.05). The seasonal temporal trends are statistically 
significant for all seasons except for fall. Furthermore, seasonal anomalies of minimum air 
temperatures show that, in recent years, seasons are much warmer (especially after the 
1990s) compared to previous years. For example, out of the most recent 30 years, 21 years 
show positive winter anomalies and 26 years show positive spring anomalies. Winter has the 
highest positive anomaly of up to about 5°C in some years while summer has the lowest.
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Figure 26: Seasonal maximum air temperature anomalies and trends in the CMR, 1950-2010.
Figure 26 shows seasonal daily average maximum air temperature anomalies and 
their trends. Maximum seasonal air temperature trends are lower than minimum seasonal air 
temperature trends. Winter shows the highest significant maximum air temperature trends 
(0.39°C decade'1, /?<0.05) among all the seasons followed by spring (0.15°C decade'1, 
jC>>0.05). Unlike minimum air temperature trends (where only the fall temperature trend is not 
statistically-significant), maximum air temperature trends are only significant in winter 
(p<0.05). Furthermore, seasonal anomalies of maximum air temperatures show that winters 
in recent decades are warmer than before (20 years out of recent 30 years show positive 
anomalies). The mean seasonal air temperature anomalies and trends also show anomalies 
and trends similar to minimum air temperatures.
Each year’s seasonal total precipitation shows varying trends among the different 
seasons (Figure 27). Winter precipitation decreases by about 6.9 mm decade'1 (p>0.05) even 
though temperature is increasing while spring (1.4 mm decade'1, p>0.05) and fall (5.1 mm 
decade'1, /?>0.05) show increasing trends, but none of these trends are statistically significant. 
Seasonal anomalies of total precipitation show that winters in recent years experience less 
abundant precipitation.
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Figure 27: Seasonal total precipitation anomalies and trends over the CMR, 1950-2010.
4.4.2 Spatial hydroclimatological trends in the CMR
Annual and seasonal trend analyses for minimum and maximum air temperatures and 
precipitation are performed for each grid point (~ 10 km x 10 km) of the CMR.
4.4.2.1 Annual Trends
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Figure 28: Minimum air temperature trends and their significance over the CMR, 1950-2010.
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Figure 29: Maximum air temperature trends and their significance over the CMR, 1950-2010.
Figure 28 shows the annual spatial trend of minimum air temperatures while Figure 
29 shows the spatial trend of maximum air temperature. For minimum air temperature, the
minimum trend over the region is 0.08°C decade'1 and the maximum trend is 0.69°C 
decade1. All grid cells show a significant increase of minimum air temperature except those 
grid cells represented by dots in the southwest, lower elevations of the CMR (Figure 28). 
Maximum air temperature trends range from 0.06°C decade'1 to 0.30°C decade'1 (cf. 
discussion in section 5.1.2). All grid cells show a significant increase of maximum air 
temperature except points represented by dots in the southeastern part of the domain (Figure 
29).
Spatial minimum air temperature trend magnitudes are higher than the maximum air 
temperature trend magnitudes. Air temperature is rising throughout the CMR with higher 
spatial variability in minimum air temperature trend than in the maximum air temperature 
trend. Furthermore, spatial trends of minimum and maximum air temperature show an almost 
opposite pattern of increase with elevation. The minimum air temperature trends are stronger 
at higher elevations and maximum air temperature trends are stronger in lower elevations. 
Further details of elevational dependency of air temperature trends are discussed in Results 
section 4.5 and Discussion section 5.3.
Figure 30 shows the varying pattern of annual precipitation trends: it is increasing in 
some parts and decreasing in other parts of the CMR. The extreme values of annual 
precipitation trends range from -3 mm year'1 to +3 mm year'1 but most of the grid cells are 
not significant ip  >0.05) as represented by dots in Figure 30 (cf. discussion in section 5.1.2).
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Figure 30: Annual total precipitation trends and their significance over the CMR, 1950-2010.
4.4.2.2 Seasonal trends
Spatial trends of seasonal minimum temperature
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Figure 31: Spatial variation o f  seasonal minimum air temperature trends over the CMR, 1950-2010.
F ig u re  31 sh o w s th e  m in im u m  a ir  tem p e ra tu re  tre n d s  fo r  fo u r sea so n s  in  th e  C M R .
All grid cells for all seasons show positive and significant trends in minimum air temperature 
except for a few grid cells during fall that are not significant (Figure 31). There is a strong 
seasonal variation in the trend magnitude: winter (minimum 0.24°C decade'1, maximum 
1.12°C decade1), spring (minimum 0.09°C decade1, maximum 0.72°C decade'1), summer 
(minimum -0.18°C decade'1, maximum 0.42°C decade'1), and fall (minimum -0.12°C 
decade'1, maximum 0.29°C decade'1). Winter and spring trends are stronger in their 
magnitude and are highly significant.
Figure 32 shows the maximum air temperature trends for four seasons in the CMR. 
During winter and spring, the maximum air temperature trends are positive for all grid cells, 
and for the most part, significant. The summer and fall trends are positive as well as negative 
based on the spatial location (Figure 32). The summer trends are not significant for most of 
the grid cells while fall trends are significant for all grid cells. There is a strong seasonal 
variation in the trend magnitude: winter (minimum 0.21°C decade"1, maximum 0.59°C 
decade'1), spring (minimum 0.03°C decade'1, maximum 0.36°C decade'1), summer 
(minimum -0.13°C decade'1, maximum 0.32°C decade'1), and fall 
(minimum -0.14°C decade’1, maximum 0.13°C decade'1) (cf. discussion in section 5.1.2). 
Unlike the opposite pattern of elevational dependence of annual minimum and maximum air 
temperature trends, seasonal air temperature trends show different patterns with elevation. 
This is further explained in Results section 4.5 and Discussion section 5.3.
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Figure 32: Spatial variation o f  seasonal maximum air temperature trends over the CMR, 1950-2010.
Spatial variation of seasonal precipitation trends
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Figure 33: Spatial variation o f  seasonal precipitation trends over the CMR, 1950-2010.
Seasonal precipitation trends show higher variation both spatially and in terms of 
their significance (Figure 33). Only the spring precipitation is increasing over the whole 
region. For all other seasons, precipitation is increasing in some parts and decreasing in other 
parts of the CMR. For example, there is significantly decreasing precipitation trends in the 
northern part of the CMR during winter while it is increasing in the southern part during 
spring, summer, and fall. Summer precipitation trends are significant for the entire region. 
For spring and fall only the higher precipitation region in the south is significant. Seasonal 
precipitation trends show that the precipitation is increasing in the lower elevation region 
than the higher elevation region (cf. discussion in section 5.1.2).
4.5 Elevation dependence o f hydroclim atic trends
The temporal and spatial trends presented in Section 4.4 show that hydroclimatic 
parameters, especially minimum and maximum air temperatures in the CMR, are influenced 
considerably by seasonal variability as well as different spatial patterns associated with 
elevation. In this section, the results of how the air temperature trends are associated with 
elevation in the CMR are presented.
4.5.1 Elevational dependence of annual trends
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Figure 34: Minimum air temperature trend versus elevation, 1950-2010. Each point represents the 
elevation of a grid cell while the solid blue line represents the LOESS fit.
Figures 34 and 35 show the vertical profile of annual minimum and maximum air 
temperature trends with elevation over 1950-2010. There is higher variability of minimum air 
temperature trend ranging from about 0.0°C decade'1 to 0.8°C decade'1 at different elevations 
(-500 m to >2500 m). Higher and significant minimum air temperature trends arise clearly at 
higher elevations, with grid cells >2000 m a.s.l. exhibiting trends >0.5°C decade'1 (cf. 
discussion in section 5.3).
Annual maximum Temp, trend vs elevation in the CMR
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Figure 35: Maximum air temperature trend versus elevation, 1950-2010. Each point represents the 
elevation o f  a grid cell while the solid blue line represents the LOESS fit.
Maximum air temperature trends range from about 0.05 °C decade'1 to 
0.30°C decade'1 at different elevations. Higher and significant maximum air temperature 
trends are found at lower elevations. Those grid cells that are above 2000 m a.s.l. show 
mostly non-significant maximum air temperature trends with a magnitude of about 0.1 °C 
decade*1 (Figure 35 and discussion in section 5.3). Generally, the areas below 1500 m a.s.l. 
show significant maximum air temperature trends >0.15°C decade'1.
4.5.2 Elevational dependence of seasonal trends
To obtain further insights on the air temperature trends’ elevational dependency in the 
CMR, analyses are now conducted on a seasonal basis.
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Figure 36: Elevational dependence o f  seasonal minimum air temperature trends, 1950-2010. The solid
blue line shows the LOESS fit o f  trends with elevation.
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Figure 37: Elevational dependence o f  seasonal maximum air temperature trends, 1950-2010. The
solid blue line shows the LOESS fit o f  trends with elevation.
Figures 36 and 37 show the elevational dependency of seasonal minimum and 
maximum air temperature trends in the CMR over 1950-2010. The blue solid lines are 
LOESS fits that show the general relation between elevation and air temperature trend 
magnitude.
For minimum air temperature, winter, spring, and summer trends are greater at higher 
elevations. Minimum air temperature trend magnitude above 2500 m a.s.l. reaches up to 
1.3°C decade'1 during winter, while spring exhibits trends above 0.7°C decade'1 and summer 
near 0.5°C decade1. For most of the grid cells, the minimum air temperature trend is not 
significant for fall; nevertheless three of the grid cells that lie above 2000 m a.s.l. show a 
significant air temperature trend of about 0.3-0.4°C decade'1. For maximum air temperature, 
winter trends are mostly significant but do not show a relationship with elevation. The spring, 
summer, and fall trends decrease with elevation, but only part of spring and summer trends 
are statistically significant. The mean seasonal air temperature versus elevation plots are 
given in Appendix I (cf. discussion in section 5.3).
4.5.3 Elevational dependence of precipitation trends
Total annual precipitation trends do not show a relationship with elevation (Figure 
38). The significant precipitation trends are either low or high; the higher elevation (>2000 
m) grid cells do not show significant trends. Seasonal precipitation trends also do not show 
specific patterns with elevation (Figure 39). The significant precipitation trends grid cells are 
mostly in the lower elevations of the region.
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Figure 38: Annual precipitation trend versus elevation, 1950-2010. The solid blue line shows the 
LOESS fit of trends with elevation.
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Figure 39: Elevational dependence o f  seasonal precipitation trends, 1950-2010. The solid blue line
shows the LOESS fit o f  trends with elevation.
5. Discussion
The linear and temporal hydroclimatic trends in the CMR, elevational dependence of 
these trends, and impacts of such trends in the region are discussed in this chapter. The 
spatial trend magnitude distribution is also described. Furthermore, findings of this study are 
used to discuss some of the physical mechanisms in the CMR that are possibly associated 
with the elevational dependency of the air temperature trends. Finally, possible impacts of 
climate change to the region’s hydrology and ecosystems are explored.
5.1 Hydroclimatic trends
5.1.1 Magnitude and significance of linear trends
Annual and seasonal minimum and maximum air temperatures show significant 
increasing trends over the period of 1950 to 2010 in the CMR (Figures 22 and 25) providing 
clear evidence that the region is warming in recent decades. The minimum and maximum air 
temperatures of the region rose by 1.93°C and 1.16°C respectively in the last six decades. 
These warming rates are consistent with reported increased air temperatures for BC 
(Dawson, Werner, & Murdock, 2008; MoE, 2014; PCIC, 2014; Picketts et al., 2012). A 
report on BC’s climate states that its annual air temperature has warmed by 0.5-1.7°C during 
the 20th century (MoE, 2014). The 1PCC AR5 (2013) report suggests that warming trends 
over the past six decades are very likely due to positive radiative forcing. Increases in 
greenhouse gases (GHGs) emissions, particularly from anthropogenic sources, have been 
causing the positive radiative forcing and therefore, surface warming globally (IPCC, 2013). 
Therefore, the trends observed in the CMR during the last six decades are consistent with 
warming temperatures globally, and are associated with anthropogenic influences on climate.
The annual total precipitation does not show a specific pattern of increasing or 
decreasing trend. Total annual precipitation anomalies show multiple continuous years of 
positive anomalies during the 1990s and recent negative anomalies (Figure 24). Strong 
negative anomalies in 2009 (about 150 mm) and 2010 (about 300 mm) may be associated 
with the moderate El Nino events of these years.
S. 1.2 Magnitude and distribution of spatial trends
Trend Magnitude
The average annual spatial warming rates over the CMR are 0.33°C decade'1 and 0.18°C 
decade'1 for minimum and maximum air temperatures, respectively (Figures 28 and 29). The 
warming rates and spatial patterns are different across the seasons in the CMR. For example, 
Table 8 shows the average air temperature increases over the CMR. The minimum air
temperature trends are higher than the maximum air temperature trends, but with large spatial
variability.
Table 8: Average minimum and maximum air temperatures trends over the CMR, 1950-2010. In 
parenthesis are percentage of the significant values across the domain of the CMR.
Trnin. Tmax.
W inter 0.63 (89 %) 0.40 (93%)
Spring 0.39 (94%) 0.20 (33%)
Summer 0.15(78%) 0.10(5%)
Fall 0.13 (1%) -0.01 (<1%)
There is a clear difference of air temperature trends with elevation over the CMR but 
the trends are not distinctly different along the western and eastern aspects of the study area. 
Both the western and eastern slopes of the Cariboo Mountains show similar trends with 
elevation. The northwestern and the southeastern regions of the CMR show significant 
decreasing and increasing precipitation trends, respectively, but the central part o f the CMR 
does not show significant trends (Figure 30).
Trend Distribution
The distribution of hydroclimatic trends over the CMR is analyzed to understand 
which trend magnitudes are dominant, how they are dispersed from the mean trend, and how 
they are related to elevation.
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Figure 40: Histogram o f  the distribution o f  air temperature trend magnitudes with mean trend (°C 
decad e1) and its standard deviation (SD) (°C decade'1) over the CMR, 1950-2010. The solid red line 
shows the mean trend magnitude and the solid black curve shows the Gaussian distribution o f  the 
trend magnitudes.
Figure 40 shows the distribution of annual minimum and maximum air temperature 
trends over the CMR. The mean and standard deviation of trends are fitted with the Gaussian 
distribution. The mean trend over the area is 0.33°C decade1 for minimum air temperature
with a standard deviation of 0.12°C decade'1. Similarly, the mean trend is 0.18°C decade"1 for 
maximum air temperature with a standard deviation of 0.06°C decade'1. All trend magnitudes 
for both minimum and maximum air temperatures in the CMR are positive. The highest 
frequency of the trend magnitude for minimum air temperature trends is 0.35-0.40°C 
decade'1, which is greater than the mean minimum air temperature trend (0.33°C decade'1). 
For maximum air temperature, the highest frequency of trends is 0.14-0.16°C decade'1, 
which is less than the mean maximum air temperature trend (0.18°C decade'1).
Distribution of precipitation trend magnitude
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Figure 41: Histogram o f  the distribution o f  annual total precipitation trend magnitudes with mean 
trend (mm decade'1) and its standard deviation (SD) (mm decade'1) over the CMR, 1950-2010. The 
solid red line shows the mean trend magnitude and the solid black curve shows the Gaussian 
distribution o f  the trend magnitudes.
The precipitation trend magnitude also follows the Gaussian distribution with mean 
trend of nearly zero (-0.49 mm year"1). The distribution of precipitation trends is highly 
dispersed (SD = 13.79 mm year'1) ( Figure 41).
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Figure 42: Seasonal trend distributions for minimum and maximum air temperatures in the CMR,
1950-2010. The solid red lines show seasonal mean trends for each season. The mean (°C decade"1)
and SD (°C decade'1) o f  each season is given. Relative magnitudes o f  seasonal trends are also 
presented.
The seasonal trend distributions show large variation in terms of trend magnitude and 
distribution among the seasons as well as between minimum and maximum air temperatures. 
Most notably, increasing winter and spring air temperature trends show nearly Gaussian 
distributions. The summer and fall air temperature trends are skewed; the minimum air 
temperature trends are positively skewed and maximum air temperature trends are negatively 
skewed (Figure 42).
Comparison with similar studies
The warming trends found in this study, especially for minimum air temperature over 
the CMR are not only consistent with, but also stronger than most of the regional, Northern 
Hemisphere, and global warming trends. The findings on hydroclimatic trends, especially air 
temperatures, are consistent with the findings of Bonsai & Prowse (2003), Ceppi et al.
(2012), Dery & Wood (2005), Easterling (2000), Mann, Bradley, & Hughes (1999), Picketts 
et al. (2012), Pike et al. (2008), MWLA (2002), Rangwala et al. (2013), Trenberth (1990), 
Stocker et al. (2013), and X. Zhang, Vincent, Hogg, & Niitsoo (2000).
Of note, the results for minimum air temperature trends in the Cariboo Mountains 
follow those of Liu et al. (2009), Diaz & Bradley (1997), and Fyfe & Flato (1999). In a 
similar study for the Tibetan Plateau, Liu et al. (2009) examined the elevational dependency 
of minimum surface air temperatures using station data. They found more prominent 
warming at higher elevations than at lower elevations, especially during winter and spring. 
Diaz & Bradley (1997) revealed higher increases in daily minimum air temperature than 
maximum air temperature with elevation in the regional high elevation stations analysis of
the American and Canadian Rockies. Fyfe & Flato (1999) found enhanced warming signals 
in the higher elevation region over the Rocky Mountains. They used the Canadian Centre for 
Climate Modelling and Analysis (CCCma) Coupled Climate Model, and found marked 
elevational dependency of increased surface air temperature at higher elevation in winter and 
spring.
These findings are not consistent with McGuire et al. (2012) who reported strong 
warming signals at mid-elevations of the Rocky Mountain Front Range for both 56 and 20 
year periods. Further, the results of this study contradict those of Vuille & Bradley (2000) 
who found reduced air temperature trends with increasing elevation in the tropical Andes. 
These contradictions are more likely due to differences in study areas or in the approaches of 
analysis.
There are many different factors and processes responsible for complex mountain 
region warming. There are certain mechanisms associated with elevation that provide 
specific responses to daily minimum and maximum air temperatures. Processes and 
mechanisms possibly responsible for different air temperature responses with elevation and 
their role in context of the CMR elevational dependency of warming are now discussed.
5.2 Physical mechanisms associated with trends
Seasonal breakdowns of air temperature trends over the CMR show spatial and 
seasonal variations. Therefore, there should be some physical mechanisms related to 
elevation of the area as well as the seasons that influence these patterns of air temperature 
trends. Some of the physical mechanisms at local scales driven by climatic control of 
mountains are presented in Tables 1 and 2. The role of SAF, clouds, soil moisture, specific
humidity, and other factors are discussed as possible factors responsible for such 
hydroclimatic trends over the Cariboo Mountains. However, a detailed analysis and role of 
impacts of each of these components is beyond the scope of this study. The summary of the 
possible factors responsible for elevational warming in the CMR and their seasonal relevance 
are presented in Table 9.
Table 9: Possible factors responsible for elevational warming in the CMR.
SAF (Decreases in Snow/Ice 
Albedo)
Primarily spring;
Important in winter (Lower 
elevation) and summer (Higher 
elevation)
Increases Tmm 
Increases Tmax
Increases in Cloud Cover 
(Daytime)
All seasons Decreases Tmax
Increases in Cloud 
Cover (Nighttime)
All seasons (greater 
effects in winter)
Increases Tmm
Increases in Soil 
Moisture
Snowmelt effects are strongest 
in spring and winter; rainfall 
effects are strongest in summer
Decreases diurnal 
temperature range 
(DTR); Decreases
Tmax
Increases in Specific 
Humidity
Primarily winter Increases Tmjn
Local factors (Forest die back 
because of mountain pine 
beetle attack and impacts on 
local energy balance)
All seasons Increases surface 
temperature (Tmm 
and Tmax)
5.2.1 Snow-albedo feedback (SAF)
Sharp increases in the minimum air temperature during spring in the CMR may be 
due to the SAF. The SAF mechanism is one of the strongest climate drivers in the natural 
climate system. It causes elevational gradients of warming in snow-covered regions, 
particularly near the 0°C isotherm in relation to the surface energy budget (Flanner, Shell, 
Barlage, Perovich, & Tschudi, 2011). Indeed, many studies have reported amplified warming 
during spring days due to the SAF. Dery and Brown (2007) find amplified trends of negative 
snow cover extent (SCE) in the Northern Hemisphere, North America, and Eurasia during 
spring and argue that it is a possible driver contributing to recent changes in observed SCE. 
Analysis of more than 1000 high elevation homogenized surface air temperature records 
across the globe show strongest warming rates near the annual 0°C isotherm due to the SAF 
(Pepin & Lundquist, 2008). Scherrer et al. (2012) quantify the effect of the SAF on Swiss 
spring air temperature trends using daily air temperature and snow depth measurements.
They found that the daily mean 2-m temperature of a spring day without snow cover is on 
average 0.4°C warmer than the one with snow cover at the same location. In the context of 
these findings, the SAF may have played a significant role for the steep minimum spring air 
temperature increase with elevation in the CMR. Furthermore, Fyfe & Flato (1999) have 
shown that surface albedo changes are responsible for net solar radiation change, that in turn 
has dominated the surface energy balance change. The effects of such changes are 
responsible for surface warming during winters in the Rockies. The location of the Rockies is 
near to this study area, lying in western North America, with similar global circulation 
influences. Therefore, winter air temperature increases in the CMR may be related to the 
surface albedo changes.
5.2.2 Clouds
The amplified warming in the CMR may relate to cloud-radiation feedback 
mechanisms. Clouds have impacts both on short and long wave radiation, and thus affect 
surface air temperatures (Warren, Eastman, & Hahn, 2007). Most notably they affect the 
DTR and precipitation directly (Free & Sun, 2014; Ramanathan et al., 1989).
Milewska (2004) finds positive trends of cloud cover especially in night time in BC. 
Dai, Karl, Sun, & Trenberth (2006) and Free and Sun (2014) show increasing trends in cloud 
cover over the northwest United States and the Northern Hemisphere in recent decades. 
Although their findings are not specific to the CMR region, their analyses cover northwestern 
North America where the CMR lies. The increase of cloud concentration increases the 
downwelling longwave radiation that results in increased minimum air temperature over the 
CMR. Similarly, increased cloud concentration decreases surface insolation during daytime, 
especially during summer, that decreases daily maximum temperature of the CMR.
Therefore, the increased cloud over the CMR in recent decades could be related with the air 
temperature trend patterns observed over the CMR.
Furthermore, Beniston & Rebetez (1996) find that there is an increase of night time 
air temperatures in winters in the lower valleys of the Alps than the regions exposed to 
stratus clouds at higher elevations. The clouds trap outgoing infrared radiation and warm the 
region. Most notably in winter, it is observed that the atmosphere near the CMR is calm and 
there is often a temperature inversion layer that may be associated with trapped clouds 
(section 4.1). Liu et al. (2009) also find increasing monthly minimum air temperatures with 
elevation and suggest that this dependency may be caused partially by cloud/radiation
feedback effects. Similar conditions may have occurred in the CMR exhibiting higher 
temperature trends in higher elevations.
5.2.3 Soil moisture and specific humidity
Soil moisture is considered as another important factor for air temperature increases 
(Seneviratne, Liithi, Litschi, & Schar, 2006). Soil moisture conditions affect the energy 
balance resulting in a change in surface air temperatures (Meng & Shen, 2014). Soil moisture 
influences all regions except water bodies. Daily maximum air temperature (Tmax) increases 
with decreasing soil moisture whereas an increase in soil moisture decreases DTR (Durre, 
Wallace, & Lettenmaier, 2000). The soil moisture content of the CMR may be decreasing 
with decreasing precipitation during summer. This may have contributed to increased 
maximum air temperature during summer in the CMR.
There are studies that show an increase in minimum air temperature with an increase 
in specific humidity, primarily in winter with smaller effects during spring and fall 
(Rangwala et al., 2009; Rangwala & Miller, 2012). With increasing cloud concentration and 
precipitation in recent decades, there should be an increase in specific humidity over the 
CMR. This may have contributed to increasing air temperatures, especially minimum air 
temperature.
The role of soil moisture and specific humidity for the air temperature trends over the 
CMR should not be as significant as SAF and clouds because of precipitation as snow for 
winter months and insignificant precipitation trends over the period of study.
5.2.4 Other Factors
Local and regional disturbances and changes may have also influenced the air 
temperature of the Cariboo Region. Maness, Kushner, & Fung (2012) find that about a 1°C 
increase in summertime surface air temperature is associated with shifting evapotranspiration 
and albedo due to forest dieback following the mountain pine beetle infestation in BC. The 
wildfires and modifications in climatic circulation due to teleconnections such as the Pacific 
Decadal Oscillation (PDO) and El Nino-Southern Oscillation (ENSO) may have also 
influenced the air temperature pattern in the CMR (Ropelewski & Halpert, 1986; Stewart, 
Cayan, & Dettinger, 2005).
Furthermore, other factors such as atmospheric brown clouds, industrial pollutants, 
and aerosol concentrations may be considered as additional factors responsible for 
elevational warming because of their role in absorbing the longwave radiation and radiating 
back to the earth’s surface, making it warmer. For the CMR, the effect of pollutants, aerosols, 
and black carbon should be minimal because of the location of the study area. It is relatively 
less influenced by anthropogenic factors owing to the lack of large industries nearby.
Precipitation variation is associated with the mountainous topography of the CMR 
that directly influences the precipitation pattern between the leeward and windward sides. 
Local convective activity and wind activity are also responsible for precipitation variation in 
the region.
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5.3 Elevational dependency of hydroclimatic trends 
General
Most of the grid cells of the study domain lie at mid-elevations (900-1500 m a.s.l.), 
with the range being 631 m to 2365 m (Figure 6). There are fewer points with climatic 
records at the elevation extremes, i.e. below 800 m and above 2000 m (Figure 6). Thus, 
findings of this study generally report the hydroclimatic trends that occurred in the mean 
elevations of the CMR.
If it would be only global warming and not the influence of elevation, then either 
uniform warming or higher warming in lower elevation throughout the region is expected. 
However, the results indicate that there is a spatial difference across elevations in the 
seasonal trend magnitudes over the study area. Therefore, there is an influence of altitude to 
the variation of long-term hydroclimatic trends. There may be different physical phenomena 
associated with this variation either combined or individually. The quantification of the 
contribution of each of the physical processes to test the elevational dependency of air 
temperature trends is important but beyond the scope of this work.
Elevational Dependency
Elevational dependency of warming in the mountains is important because it has 
potential to provide early and detectable climate change signals and assess environmental 
impacts of global warming in these regions (Fyfe & Flato, 1999; Liu et al., 2009). There is 
clear evidence of elevational dependence of air temperature with elevation in the CMR.
For the minimum air temperature, generally, the grid point’s trends, i.e. LOESS fits, form 
almost a J-shaped curve showing almost flat line until a 0.2°C decade'1 trend at about 1200
m a.s.l. and moving straight up (Figure 34). Therefore, the higher the elevations of grid cells, 
the stronger are the trends. However, the reliability of the fits is low above 2500 m a.s.l. 
because of the fewer grid cells. For the maximum air temperature, generally, the annual 
trends are decreasing with elevation except during winter. Winter maximum air temperature 
trends do not show any specific pattern with elevation.
Not only the annual but also seasonal minimum and maximum air temperature trends are 
elevation dependent. For every season, the minimum air temperature trend increases with 
elevation, following a J-shaped curve except for fall (Figure 36). The maximum air 
temperature trend decreases with elevation almost linearly for all seasons except winter. 
Winter maximum air temperature does not indicate a specific pattern with elevation (Figure 
37). Likewise, the precipitation trend does not follow a specific pattern with elevation 
(Figure 39).
Positive minimum air temperature trends with greater magnitude in winter and spring 
may be linked to a specific phenomenon occurring during these periods in the region. There 
may be temperature inversions and fog formation in the lower valleys but not in high 
elevations especially during winters. This causes a higher minimum temperature response in 
the higher elevations. For spring, one important phenomenon that occurs in the CMR is the 
SAF that may have contributed to sharp increases in minimum air temperature trends with 
elevation. Furthermore, generally higher elevations experience higher cloud 
concentration/formation, recent decades show that the rate of cloudiness is increasing in the 
United States and Canada; specifically during night time in BC (Dai et al., 2006; Free & Sun, 
2014; Milewska, 2004). This may be happening over the CMR and have contributed to
increased minimum and decreased maximum air temperature trend magnitudes with 
elevation.
The results do not show a clear relationship between the precipitation trends and 
elevation in the CMR.
5.4 Implications of trends
5.4.1 Seasonal shifting
With increasing warming trends in cold regions such as the CMR, one of the most 
noted impacts would be on snowmelt initiation in spring and start of the freezing period in 
fall. For many practical purposes, freezing and melting temperatures are of special interest in 
cold regions. For example, winters are dominated by the cryospheric components, bringing 
changes to ecosystems, water resources as well as society and economy (Bonsai & Prowse, 
2003). This study shows a substantial increase in air temperatures similar to global warming. 
It is expected that there is a substantial change over the m elting  and freezing tim e in the 
CMR.
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Trend of Spring days [Julian] with Temp, threshold of 0°C
Figure 43: Linear trends o f  start o f  days with greater than 0°C temperature threshold for minimum, 
maximum, and mean air temperature (areal average) in the CMR, 1950-2010.
Trend of fall days  [Julian] with Tem p , threshold of 0°C
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Figure 44: Linear trend o f  start o f  freezing days with temperature threshold o f  less than 0°C for 
minimum, maximum, and mean air temperature (areal average) over the CMR, 1950-2010.
A trend analysis is conducted to observe changes in the timing of the transition 
between subfreezing and above freezing conditions and vice versa. The daily minimum, 
maximum, and mean air temperatures are filtered using a 31-day running mean for spring 
and fall. A 0°C air temperature is considered as the threshold value for melting (freezing)
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start days of spring (fall). The changes in the number of threshold days with year is 
calculated to measure the seasonal shifting.
Figures 43 and 44 show the trend of days with a 0°C air temperature threshold for 
spring and fall respectively. For spring, the number of days is decreasing in the CMR (-4.1 
days decade'1) for minimum air temperature while the number of days for fall 0°C is 
increasing (0.45 days decade'1) for minimum air temperature. Generally, minimum air 
temperature trends are considered to refer to changes of melting (freezing) periods.
The numbers of days with 0°C air temperature threshold are decreasing for spring 
while increasing for fall. The trends towards earlier spring and later fall days over the CMR 
are consistent with the hypothesis that with increasing warming there may be shorter snow 
seasons (Choi et al. 2010).
Timing of snowmelt is affected by both the air temperature and precipitation. Early 
snowmelt leads to the early runoff, in turn influencing the overall hydrology of the area 
(Lundquist, Dettinger, Stewart, & Cayan, 2009; Pederson et al., 2011). There are other 
potential associated impacts such as decreases in reservoir efficiencies (Stewart, Cayan, & 
Dettinger, 2004), increases in the number of forest fire events (Westerling, Hidalgo, Cayan, 
& Swetnam, 2006), increases in river flooding, and disturbances in the aquatic habitat, etc. 
(Tohver, Hamlet, & Lee, 2014; Zwiers, Schnorbus, & Maruszeczka, 2011). It will also 
influence water rights and management issues among provinces and states in the future 
(Kenney, Klein, Goemans, Alvord, & Shapiro, 2008).
5.4.2 Implications to the ecohydrology
This study reports almost a 2°C of minimum air temperature increase in the CMR during 
the last six decades with the rate of change increasing. Therefore, the region is warming and 
is likely to warm in many years to come. Such warming has and will have broader 
implications towards the local ecohydrology of the CMR and overall northern BC.
There is a strong relation between climate and the overall ecosystem of a particular 
region (Mooney et al., 2009). There are many examples showing ecological impacts of 
climate change at local, regional, and global level ecosystems (Grimm et al., 2013; Mooney 
et al., 2009; Walther et al., 2002; Weed, Matthew, & Hicke, 2013). Increased frequency and 
intensity of weather events are the significant driving factors for population dynamics of 
different species of any region. In the case of the CMR, the mountain caribou, salmon, and 
other species are directly impacted by climate changes over the region (Dery et al., 2012; 
Vors & Boyce, 2009). Nonetheless, the consequences of short-term and long-term climatic 
variations on complex ecological processes are not clear. In the following sections, some of 
the impacts of such changes on selected animal species of the study area and water resources 
of the region are discussed.
5.4.2.1 Impacts on water resources
Increased air temperatures and changes in the precipitation regime over western North 
America will affect the hydrology of the region. This will have impacts on hydropower 
generation, potentially cause disasters such as floods and droughts, affect water demand for 
irrigation and household consumption, and disturb aquatic habitats (Zwiers et al., 2011).
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Glaciers cover about 3% of the BC landmass and play a significant role in the river runoff 
as well as hydropower generation in BC. There are recent studies that show the accelerated 
retreat of glaciers in the region (Beedle, 2014; Bolch et al., 2010; Moore & Demuth, 2001). 
Although there are very few findings to relate these recessions with increasing air 
temperature and changes in precipitation patterns, it may be accelerating due to the warming 
in the region. The faster retreat of glaciers in the CMR will also affect the flow in the Fraser 
River and its tributaries that drain the region.
Most of the Cariboo Mountains drain into the Fraser River, a major habitat for keystone 
salmon species. Many studies and model simulations show significant changes over the 
hydrological regime of the Fraser River Basin with increasing temperature (Dery et al., 2012; 
Kang, Shi, Gao, & Dery, 2014; Shrestha, Schnorbus, Werner, & Berland, 2012). Rising air 
temperature is one of the causes of a greater range of annual runoff fluctuations in the Fraser 
River (Dery et al., 2012). Such fluctuations have detrimental effects on migrating and 
spawning salmon.
In addition to the study area’s specific impacts, there will be implications of 
hydroclimatic changes over the CMR on many sectors of the CMR as well as northern and 
central BC as a whole. Some of the implications of increasing air temperatures over the 
region include the mountain pine beetle epidemic, increase in frequency and occurrence of 
forest fire events, extreme weather events, etc. (Kurz et al., 2008). These may cause much 
environmental and economic losses. Therefore, significantly increasing air temperatures, as 
shown in the CMR, have broader implications towards the hydrology, ecosystems and 
ecosystem services, and overall environmental health of the CMR and northern BC.
I 105|
5.4.2.2 Impacts on animal species
The endangered mountain caribou (mountain ecotype of woodland caribou) population 
that is found in relatively wet and mountainous terrain of BC is declining. One of the causes 
for population decline may be the milder winters due to climate change along with human 
influences (Opdam & Wascher, 2004; Parks Canada, 2011; Vors & Boyce, 2009). Mountain 
caribou population distribution has declined over the past 50 to 100 years and now they are 
limited to only 12 recognized sub-populations (Wittmer et al., 2005). Broadly, the mountain 
caribou population has been stratified into four different geographic regions in BC with one 
of them being the Cariboo Mountains where there are now only 850 caribous or so 
(Mountain Caribou Science Team, 2005). In the Cariboo Mountains, seasonal migration of 
the caribou to lower elevations is further limited because of shallower snowpacks. This 
migration will be impacted even further should winter air temperatures continue to warm in 
the region.
The primary winter food for caribou is arboreal lichen that is abundantly found in the 
coniferous forests of the CMR. They walk on top of the deep snowpack (generally >2 m) in 
the mountains (Apps, McLellan, Kinley, & Flaa, 2001; Wittmer et al., 2005). With a late 
start of freezing conditions during fall and milder winters, there will be reduction in the 
snowpack thickness making it difficult for caribou to access the arboreal lichen. In addition, 
the warmer and drier winter conditions are favorable for deer, elk, and moose to move to the 
Cariboo Mountains. This will increase the competition for food amongst animals (Mountain 
Caribou Science Team, 2005). Furthermore, there are studies that show the change in nutrient 
cycling with warming that would affect caribou populations adversely by creating 
competition with browsing ungulates and eliminating food sources, especially in winters
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(Lenart, Bowyer, Hoef, & Ruess, 2002). Complex interactions among seasonal hydroclimatic 
variations, snowfall patterns, wildfire events, forest insect disease outbreaks, etc., have the 
potential to increase and compound the impacts on the mountain caribou. This is expected to 
increase with rising air temperature in the future.
5.5 Limitations of this study
There are limitations to this study that require some attention. First are the data gaps 
in the CAMnet data used for the general climatology of the region and validation of 
interpolated data. Further, the accuracy of the interpolated data, ANUSPLIN, is another 
limitation of this study. Unfortunately, there are limited weather stations generating long­
term data to conduct a detailed and systematic analysis over the region.
The nature of data sets such as their quality, time of availability, etc. influence the 
results based on these data. Observation-based interpolated data are used in this study, but 
inaccuracies arise from the fact that there are fewer stations in the higher elevations for 
interpolation. The data sets are crosschecked to corroborate the quality of data in representing 
the study area, yet the interpolated data may not represent the real scenario exactly. This is 
also because the interpolated data used are not specific to the study area, but are extracted 
from the entire Canadian domain. Data resolution remains coarse to represent the details of 
complex mountainous topography of the region. In addition, the gridding process may have 
smoothed the data spatially. These gridded data may have some errors too. The precipitation 
analysis is based on interpolated total data only. It is not clear how much of the precipitation 
is contributed by snow and how much is from rainfall because of unavailability of snowfall 
data.
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There is limited literature that examines the effects of glacier retreat in the CMR in 
relation to global warming. Further, there are limited publications emphasizing impacts of 
climate change on the water resources of the CMR. Therefore, the discussions in this study 
are limited to available studies.
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6. Conclusions, Recommendations and Future Work
The conclusions, recommendations, and future work based on the analyses are
presented in this chapter. The first part summarizes the main findings of this study. The 
hydroclimatic state in the CMR is summarized based on linear and spatial trends, with their 
magnitude and significance at annual and seasonal scales. Furthermore, the elevational 
dependency of the hydroclimatic trends in the CMR and impacts due to these changes are 
presented. The second part of this chapter consists of recommendations for further research 
and proposes some future work based on the scope and limitations of this study.
6.1 Conclusion
6.1.1 General Hydroclimatoiogy
Average annual minimum daily air temperature in the CMR is -3.7°C (minimum -16.3°C 
in winter and maximum 8.0°C in summer) during 1950-2010. Similarly, the average annual 
maximum daily air temperature is 7.3°C (minimum -7.4°C in winter and maximum 23.4°C in 
summer) for the same period. The total mean annual precipitation over the region is 738 mm.
An analysis of observed climate data along the western slopes of the Cariboo Mountains 
shows that higher elevation regions have lower air temperatures than lower elevations. The 
monthly average surface temperature lapse rate of the region is 4.7°C km'1 during the period 
of September 2011 June 2012. Air temperature is found to be inversely related to elevation in 
all months, except during extreme weather events in January and February. For these days, it 
may be due to air temperature inversions occurring in the region.
6.1.2 Linear and spatial trends
A hydroclimatic trend analysis of the region was performed using the daily frequency 
Canadian Climate Coverage (CCC)’s interpolated data from 1950 to 2010. The minimum and 
maximum air temperatures and precipitation were summarized for monthly, seasonal, and 
annual frequency. The nonparametric Mann-Kendall trend test was performed to detect the 
trends and their significance. The Theil-Sen estimate was used to evaluate the magnitude of 
the trends over the region at different temporal and spatial resolutions.
The minimum and maximum air temperatures of the region have risen by 1.9°C and 
1.2°C, respectively, in the last six decades. Area averaged annual minimum and maximum 
air temperatures show significant positive trends over the period of study. The minimum air 
temperature trend over the region is 0.32°C decade'1 while maximum air temperature is 
0.20°C decade"1. Although the total annual precipitation does not show any significant trend, 
there is year-to-year variation of total precipitation by ±30% from its long-term mean. 
Anomalies in air temperatures showed that recent years, especially after 1996, are warmer 
across the CMR. There is a greater seasonal variation in the hydroclimatic trends in the 
CMR. The winter and spring minimum air temperature trends are 0.62°C decade'1 and 
0.35°C decade'1 respectively followed by the summer trend of 0.12°C decade'1. All of these 
trends are highly significant ip <0.05) except for the fall minimum air temperature trend. For 
maximum air temperature, only winter trends are significant. The seasonal precipitation does 
not show significant trends during last six decades.
The spatial trends of the region show mostly significant positive annual trends for air 
temperatures, but both positive and negative trends for precipitation. The average minimum 
air temperature warming rate is 0.33°C decade'1. The spatial trend shows greater variability
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with magnitudes ranging from 0.07-0.67°C decade'1. The mean maximum air temperature 
trend over the region is 0.18°C decade'1 (range of 0.03-0.34°C decade'1) with less spatial 
variation compared to the minimum air temperature.
Contrary to yearly trends, there is a clear and strong spatial variation of seasonal trends. 
On the seasonal scale, the analysis reveals that there are all positive trends of minimum air 
temperature in the region except some grid cells showing insignificant negative trends during 
the fall. Winter and spring minimum air temperature trends are strong and positive. They 
show greater spatial variability. For example, winter minimum air temperature trends range 
from 0.24°C decade'1 to 1.18°C decade'1 (mean = 0.63°C decade'1) and spring minimum air 
temperature trends range from 0.09°C decade'1 to 0.72°C decade'1 (mean = 0. 39°C decade'1). 
The summer and fall show little spatial variability. Maximum air temperature trends for 
winter and spring are all positive and mostly significant. The summer and fall trends range 
from negative to positive values and generally are not significant, showing little spatial 
variability. For example, winter trends range from 0.21°C decade'1 to 0.59°C decade'1 (mean 
= 0.39°C decade’1) while fall trends range from -0.12°C decade'1 to 0.13°C decade'1 (mean = 
-0.03°C decade'1).
The precipitation trends show greater spatial variability over the study area. Most o f the 
grid cells do not show significant trends; in addition, there are positive trends in some areas 
of the CMR and negative ones in other areas. Winter precipitation trends range from -18.5 
mm decade'1 to 6.2 mm decade'1 (mean = -6.8 mm decade'1), spring -2.2 mm decade'1 to 9.3 
mm decade'1 (mean =1.9 mm decade'1), summer -4.2 mm decade'1 to 8.5 mm decade'1 (mean 
= -0.2 mm decade'1), and fall -6.6 mm decade'1 to 15.4 mm decade'1 (mean = 5.3 mm 
decade'1).
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6.1.3 Elevational dependency of hydroclimate
There is a clear difference in the trends with respect to elevation in the CMR. Both the 
western and eastern slopes of the Cariboo Mountains show similar patterns in the air 
temperature trend with respect to elevation.
The annual minimum air temperature trends are stronger and significant at higher 
elevations with magnitude of more than 0.5°C decade'1 above 2000 m a.s.l. The annual 
maximum air temperature trends show the opposite pattern of increase with elevation, i.e. 
stronger and significant maximum air temperature trends are observed at lower elevations, 
mostly below 1500 m a.s.l. There is no specific annual precipitation trend with elevation.
The patterns of air temperature trends variability are related with the elevation of the 
region. The seasonal breakdown of minimum air temperature trends with elevation show 
stronger, significant trends with increasing elevations. Winter and spring trends are >0.50°C 
decade'1 above 2000 m a.s.l. (extreme values of winter trends above 2000 m a.s.l. are 0.80°C 
decade'1 to 1.30°C decade'1 and for spring 0.60°C decade'1 to about 0.80°C decade'1). For 
maximum air temperature, most significant trends are observed below 1500 m a.s.l. for all 
seasons showing decreasing trends with increasing elevation except for winter. During 
winter, there is no specific pattern of trend with elevation. The seasonal precipitation trends 
also do not show any pattern with elevation.
The SAF and clouds along with other factors in the region may be responsible for sharp 
gradients in air temperature trends with elevation in the CMR. The role of the SAF is 
significant during spring; summer elevational dependency of the air temperature may be 
influenced by soil moisture, aerosols, and change in local surface energy balance because of
mountain pine beetle disturbances. SAF and increasing cloud concentration may be 
responsible for winter time air temperature trend variations in the CMR.
6.1.4 Impacts of hydroclimatic variations
There have been direct and indirect impacts of hydroclimatic variations over the local and 
regional ecohydrology and economy of BC. Such impacts are expected to continue into the 
21st century. Spring melt is starting earlier (0.41 day decade'1) and fall freezing is delayed 
(0.45 day decade'1). Such timing of snowmelt change will affect runoff generation and the 
overall hydrology/water resources of the region.
Milder winters will affect the endangered mountain caribou populations in the CMR 
through increases in competition with other species such as elk, moose, and deer. Further, 
there will be shallow snow depths that make the caribou’s major winter food, arboreal lichen, 
inaccessible. With a warming environment, there is increased runoff variability in the Fraser 
and North Thompson Rivers, major habitats for salmon. Increased mountain pine beetle 
epidemic frequency, forest fires, sedimentation in reservoirs, effects on hydroelectricity 
generation, and glacier retreat are other impacts expected to occur due to hydroclimatic 
changes in the CMR.
The CMR is warming; the minimum air temperature is increasing at a faster rate than the 
lowland counter parts. There are stronger warming signals at higher elevations; minimum air 
temperature is increasing at a faster rate, especially in winter and spring. Such changes have 
impacts over the ecohydrology and overall environmental health of northern BC and region.
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6.2 Recom m endations and Future W ork
To reduce the uncertainties associated with climatic variations, it is recommended to have 
a dense network of continuously operating weather stations in the region, especially at high 
elevations. It is recommended to establish and operate new weather stations at higher 
elevations, especially above 2000 m for the long term monitoring of mountain climate.
The interpolated data were extracted from the large Canadian domain for the trend 
analyses. The use of a large domain may have smoothed the data, especially for the complex 
mountain environment of the CMR. Therefore, it is recommended and proposed as a future 
effort to develop specific gridded hydroclimatic datasets for the CMR. The specific gridded 
data should incorporate any observed data available in the region as well as model output. 
Results from such data would be more specific, provide more precise estimates, and reduce 
uncertainties.
The hydroclimatology of the CMR is influenced by large scale atmospheric circulation 
patterns and mountain specific phenomena. Therefore, there is a need to develop multiple 
regression models using atmospheric circulation patterns such as 500 hPa geopotential height 
fields, radiation/energy distribution data of the region, etc. Further, this study showed 
opposite warming patterns of minimum and maximum air temperatures, with the minimum 
air temperature trend increasing with elevation and maximum air temperature trend 
decreasing with elevation. Therefore, there are still uncertainties on how mountain regions 
will respond to global warming.
This study is a special case of a relatively small mountainous region. It is difficult to 
estimate the contribution of specific physical mechanisms such as the cloud concentration or 
SAF on air temperature changes. Therefore, further investigation of relevant physical
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mechanisms and accurate quantification of processes and their role for elevational 
dependency of warming in large mountain ranges is suggested. This could be achieved by 
developing proper regression models and performing Principal Component Analysis (PCA) 
analysis of 500 hPa geopotential height fields. Furthermore, development and use of high 
resolution climate models is recommended.
There are many complexities associated with such analysis in mountain regions. The 
proper methods of investigation to identify the effect of each parameter to the 
hydroclimatology of the CMR are important. An extended analysis of daily maximum and 
minimum air temperature throughout many mountain chains of the globe would improve the 
understanding of elevational sensitivity of the mountains in the context of global warming.
In addition, large-scale hydroclimatic variation analysis is recommended for a better 
understanding of the impacts of climate change. Similarly, case studies from large mountains 
or mountain ranges are recommended for improved understanding of elevational dependency 
of hydroclimatic parameters. For example, an analysis of elevational dependency of trends in 
the Canadian Rockies or the Columbia Mountains would enhance the understanding of recent 
changes observed in East-Central BC.
This study has explored the dependence of hydroclimatic variables in the CMR and 
contributed to enhance our understanding of mountain climate and their responses to the 
climate change. Furthermore, the roles of different physical mechanisms responsible for 
elevational dependency of hydroclimate in the CMR are explained. The implications of 
hydroclimatic changes in the ecohydrology of the CMR are discussed. This work is expected 
to fill the gaps of our understanding about the pristine mountain environment and provide
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scientific information to policy makers and communities to formulate better policies and 
make informed decisions.
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8. Appendices
Appendix A Validation of gridded data with observed data (daily frequency).
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A ppendix B  Spatial plots o f  m onthly minimum and m axim um  air temperatures.
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Monthly Tmax. (average 1950-2010) over the CMR
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A ppendix C Spatial plots o f  m onthly precipitation.
Monthly Prep, (average 1950-2010) over the CMR
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A ppendix D  M inim um  and m axim um  annual temperature and trend.
Annual Tmin. trend in the CMR,1950-2010
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A ppendix E M ean annual air temperature anom aly and trend.
Annual mean temp, anomaly in the CMR, 1950-2010
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A ppendix F Seasonal minimum , m axim um , and m ean temperatures and trends.
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Seasonal maximum Temp, trend in the CMR, 1950-2010
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A ppendix G Spatial trend o f  mean annual air temperature.
Annual Tmean trend in the CMR, 1950-2010
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A ppendix H Spatial trend o f  m ean seasonal temperature in the CM R, 1950-2010.
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A ppendix I Annual and seasonal mean temperature trends vs elevation.
Annual mean Temp, trend vs elevation in the CMR
El
ev
at
ion
 
(m
)
10
00
 
15
00
 
20
00
 
25
00
I
I
I
!
♦
♦
♦ Sig.trend
R2 0 56 ------------------------------------------------------ — ^«***  •*—-------- ---------------------n  u . ; h j ---------  ”  -  "
A J E *  ♦ ♦ ♦  *n  & A - A ------------------------------------------ + *  + J m w Z * -----------*— >— -------------------------------11 U TT------------------------------------------ W L a. AP »  » —  ^  +  » » »-------------------------- -
. * •  j g S f r f c  • ? * . *  *  ' * .i . . .  f l y  * # ♦
♦ ♦ a  • •  r  .*  *«* ♦
%  ? * + *  * * * *
* * • ' '  V A 't ;  V  f f c & V ?
# ^  * ♦ ♦
♦
1 1 1 1 1 1 1 
3.10 0.15 0.20 0.25 0.30 0.35 0.40
Trend ( Cdecade )
| 140 |
•  Sig.trend
♦ Not sig. trend
Trend [°Cdecade ]
